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SUMMARY 


This  project  was  conducted  to  study  the  relationships  between  various  com¬ 
ponent  reliability  objectives  and  the  test  requirements  necessary  to  achieve 
those  objectives.  Several  test  techniques  and  combinations  of  tests  have 
been  evaluated  during  this  program  to  provide  a  basis  for  a  more  meaningful 
test  program  for  the  development  phase  of  a  helicopter  program. 

The  H-3  series  helicopter  program  has  been  used  to  provide  a  basis  for  the 
'  trade-off  studies.  The  test  and  service  experience  has  been  reviewed  to 

provide  a  data  bank  on  the  performance  of  transmission  and  rotor  system 
components  and  to  determine  modes  and  types  of  failures.  The  extent  of 
*  correlation  between  failures  during  the  initial  test  programs  and  those 

problem  areas  that  were  later  detected  during  actual  usage  was  investigated 
to  determine  the  effectiveness  of  the  test  programs. 

Several  changes  have  been  advocated  in  both  testing  philosophy  and  the 
corresponding  test  techniques  since  the  H-3  helicopter  test  program  com¬ 
menced.  Various  testing  concepts  have  been  considered  and  compared  to 
develop  a  recommended  test  program  for  a  single-rotor  helicopter  having  a 
nominal  gross  weight  of  15,000  pounds.  This  program  allows  for  identifica¬ 
tion  of  problem  areas,  subsequent  modification  of  the  components  as  required, 
and  qualification  of  the  modified  components  with  a  high  degree  of  confi¬ 
dence  that  the  design  objectives  will  be  demonstrated  and  achieved. 

The  recommended  test  approach  has  suggested  various  modifications  to  the 
corresponding  design  and  test  specifications.  The  proposed  revisions  to 
these  specifications  are  also  included  in  this  report. 
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FOREWORD 


This  report  presents  a  recommended  test  program  to  reasonably  demonstrate 
specified  reliability  objectives  for  the  transmission  and  rotor  system  com¬ 
ponents  of  a  single-rotor  helicopter.  Test  and  service  data  on  the  H-3 
series  helicopter  is  used  to  lend  support  to  the  suggested  approach  used 
in  the  test  program.  The  design  parameters  considered  in  this  study  were 
outlined  in  Contract  DAAJO2-70-C-0OU0  (DA  Task  lFl62203All*30l) .  Sikorsky 
Aircraft,  a  Division  of  United  Aircraft  Corporation,  was  the  contractor 
for  this  study. 

The  program  was  conducted  at  Sikorsky  Aircraft  under  the  technical  direc¬ 
tion  of  Mr.  Lester  R.  Burroughs,  Supervisor,  Transmission  Design  and 
Development.  Principal  investigators  for  this  program  were  Mr.  James 
Lastine,  Mr.  Edwin  Stolper,  and  Mr.  Richard  Hawkins.  Meaningful  technical 
contributions  were  made  by  Mr.  Joseph  Pratt  and  Mr.  John  Longobardi; 
USAAMRDL  technical  direction  was  provided  by  Mr.  Thomas  House  and  Mr. 

Thomas  Condon. 
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INTRODUCTION 


There  is  sufficient  amount  of  historical  data  available  to  indicate  that 
the  reliability  of  helicopter  dynamic  components  could  be  significantly 
improved  by  the  adoption  of  adequate  and  timely  development  test  programs. 
These  programs  properly  implemented  would  include  not  only  testing  but 
component  development  and  design  improvements.  In  this  manner,  increased 
component  mean  time  between  removals  (MTBR's)  and  better  aircraft  avail¬ 
ability  in  operational  service  will  result.  Since  low  reliability  results 
in  large  logistic  and  maintainability  expenditures,  it  appears  that  more 
extensive  development  testing  would  be  cost  effective,  not  only  in  decreas¬ 
ing  spares  requirements  but  also  in  increasing  aircraft  availability  early 
in  its  operational  phase,  thereby  reducing  the  overall  life  cycle  costs  of 
helicopter  systems. 

Low  MTBR  values  are  the  direct  result  of  premature  removals  in  combination 
with  the  forced  removal  of  the  good  components  at  their  prescribed  time 
between  overhaul  (TBO).  These  unnecessary  removals  that  are  the  direct 
result  of  designated  overhaul  intervals  cause  good  components  to  be  re¬ 
moved  from  service.  These  components  with  excellent  service  experience 
could  offset  the  adverse  effects  of  premature  removals,  were  they  not 
forced  into  the  overhaul  cycle.  However,  as  long  as  components  have  pre¬ 
scribed  TBO  values,  the  only  way  the  MTBR  can  approach  the  TBO  is  to  reduce 
the  number  of  premature  failures  through  more  timely  and  effective  testing 
and  initiation  of  corrective  action  in  the  initial  development  phase. 

While  some  helicopter  programs  include  both  development  and  qualification 
testing,  funded  testing  usually  includes  only  qualification  testing.  While 
the  qualification  testing  is  conducted  in  accordance  with  test  requirements 
outlined  in  prescribed  specifications,  the  only  development  testing  that  is 
conducted  is  usually  proposed  by  the  contractor  and  approved  by  the  pro¬ 
curing  activity.  Minimum  program  costs  are  usually  obtained  by  eliminating 
all  unnecessary  costs,  which  usually  curtails  the  extent  of  any  test  pro¬ 
gram  including  development  testing. 

Marked  reductions  in  premature  removals  and  excessive  maintenance  costs  can 
be  obtained  if  proper  consideration  is  given  to  reliability  during  the 
initial  design  and  test  phases  of  the  helicopter  program.  The  initial 
development  and  qualification  test  program  can  be  structured  to  debug  and 
develop  aircraft  components  and  provide  an  indication  of  the  inherent  com¬ 
ponent  reliability  as  well.  Meaningful  development  testing  capable  of 
demonstrating  reliability  objectives  is  often  an  elusive  goal,  both  from  a 
financial  and  an  engineering  viewpoint.  Reliability  demonstration  requires 
a  mean  time  between  failure  (MTBF)  design  objective  well  above  the  level 
to  be  demonstrated.  The  margin  varies  with  the  test  program  the  customer 
can  afford,  the  risk  the  customer  is  willing  to  take  that  he  may  accept 
defective  equipment,  and  the  risk  the  producer  is  willing  to  take  that  he 
may  fail  the  demonstration. 

To  determine  the  relationship  and  relative  effectiveness  of  past  test  pro¬ 
grams  ,  this  report  examines  the  test  and  service  experience  on  the 
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transmission  and  rotor  systems  of  the  Sikorsky  Aircraft  H-3  series  heli¬ 
copter.  A  description  of  these  systems  is  presented  together  with  a 
history  of  test  and  service  failure  data  as  well  as  an  analysis  of  the 
relative  effectiveness  of  each  test  procedure  used. 

Various  test  plans  are  considered  and  from  these  a  test  plan  is  selected 
for  trade-off  studies,  one  of  concurrent  and  sequential  test  arrangements 
with  a  statistical  analysis  of  the  required  number  of  test  specimens  and 
test  duration,  the  other  which  evaluates  the  impact  of  development  and 
demonstration  testing  on  cost  at  levels  of  reliability  of  500,  1000,  and 
1500  hours  MTBR  in  combination  with  confidence  levels  of  30,  60 ,  and  90 
percent.  A  sample  plan  which  is  essentially  the  selected  sequential  test 
plan  is  then  described  in  further  detail.  Finally,  a  recommended  test  plan 
is  presented.  This  plan  emphasizes  accelerated  development  testing,  which 
is  a  key  to  achieving  a  higher  level  of  reliability  early  in  a  program. 

The  recommended  test  program  is  proposed  for  consideration  in  preparing 
future  specifications  for  helicopter  dynamic  system  procurement. 

As  a  result  of  this  study,  effort  guidelines  for  planning  future  helicopter 
development  and  reliability  demonstration  programs  are  presented. 
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EXPERIENCE  WITH  THE  H-3  HELICOPTER 


GENERAL  DESCRIPTION  OF  H-3  SERIES  HELICOPTERS 


The  H-3  series  helicopter,  with  a  commercial  model  designation  of  S-6l, 
was  designed  for  an  antisubmarine  warfare  mission.  This  single-rotor 
helicopter,  with  a  gross  weight  of  17,000  pounds,  commenced  as  a  turbine- 
powered  growth  version  of  the  H-3^  helicopter. 

This  series  of  helicopters  has  been  developed  for  many  different  applica¬ 
tions  i  several  configurations  are  shown  in  Figure  1.  These  aircraft  have 
seen  extensive  service  with  domestic  and  foreign  military  and  civilian 

operators,  as  indicated  by  the  more  than  1,125,000  flight  hours  accumulated 

thus  far.  The  SH-3D  is  an  improved  growth  version  of  the  original  S1I-3A 

aircraft.  The  S-61L  is  a  stretched  commercial  version  of  the  same  aircraft, 

essentially  using  the  same  drive  train  and  rotor  system  components.  The 
HH-3C  is  in  use  with  the  U.S.  Air  Force  and  features  mid-air  refueling 
capability  for  extended-range  search  and  rescue  missions.  This  aircraft 
utilizes  a  new  fuselage  providing  a  rear  loading  ramp,  ;m  increase  in  load¬ 
carrying  capability,  and  a  22,000-pound  gross  weight.  The  drive  train  has 
been  modified  to  accept  accessory  power  from  an  auxiliary  power  unit  for 
ground  operation  of  all  accessories  without  using  the  primary  turbines. 

The  VH-3A  is  an  executive  version  of  the  SH-3A  aircraft.  The  rotor  and 
transmission  systems  are  similar  for  both  aircraft  except  that  uhe  VH-3A 
has  a  remote  auxiliary  power  unit  (APU)  mounted  in  one  sponson,  for  ground 
operation  of  selected  accessories  and  air  conditioning.  The  two  T-58  tur¬ 
bine  engines  supply  power  directly  to  the  main  gearbox,  which  is  the  nu¬ 
cleus  of  the  drive  train.  The  main  gearbox  supplies  power  to  the  tail 
rotor  drive  system  and  to  the  accessories  which  are  mounted  directly  on 
the  main  gearbox,  as  well.  Power  is  supplied  to  the  semiarticulated  tail 
rotor  by  two  speed  reducing  angle  gearboxes  and  the  connecting  drive  shaft¬ 
ing.  The  basic  rotor  and  transmission  systems  are  shown  in  Figure  2. 

The  rotor  system  for  the  aforementioned  aircraft  consists  of  a  main  rotor 
and  an  antitorque  tail  rotor.  The  main  rotor  head  commenced  as  a  grease- 
lubricated  assembly  but  has  been  changed  to  an  oil-lubricated  assembly  for 
several  models,  as  can  be  seen  from  Table  I.  Automatic  blade  fold  is  also 
present  on  all  U.S.  Navy  main  rotor  head  assemblies.  The  semiarticulated 
tail  rotor  has  also  experienced  similar  changes  as  noted. 

Description  of  Transmission  System 

The  H-3  transmission  system  accepts  power  from  two  T-58  turbine  engines 
having  an  output  speed  of  10,966  rpm,  and  supplies  nower  to  the  main  rotor 
rotating  at  203  rpm,  the  tail  rotor  rotating  at  1 , 2 3  rpm,  and  several 
accessories  mounted  on  the  main  gearbox.  As  shown  in  Figure  2,  three  gear¬ 
boxes  are  used  in  this  aircraft.  Two  relatively  simple  bevel  gearboxes 
are  used  in  the  tail  rotor  drive  train,  while  the  main  gearbox  is  consider¬ 
ably  more  complex,  as  shown  in  Figures  3,  and  5. 

Hie  main  gearbox  shown  in  these  figures  incorporates  an  input  spur  gear 
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Figure  2.  H-3  Rotor  and  Transmission  System. 
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TABLE  I.  MAJOR  DIFFERENCES, 

H-3/S-61  ROTOR  SYSTEMS 

Military  or 

Commercial 

Designation 

Ma,1or  Differences 

Main  Rotor 

Blade 

SH-3A/D 

18-inch  tip  cap,  Mark  III  BIM^seal* 

S-61L/N 

22-inch  tip  cap,  Mark  I  BIM^seal 

CH-3C/E 

22-inch  tip  cap,  Mark  IV  BIM^seal 

Main  Rotor 

Head 

SH-3A 

Grease  lubricated,  blade  fold 

SH-3D 

Oil  lubricated,  blade  fold 

S-61L/N 

Oil  lubricated,  without  blade  fold 

CH-3C 

Oil  lubricated,  without  blade  fold 

Tail  Rotor 

Blade 

SH-3A/D 

Aluminum  wear  strip,  short  stainless 
steel  abrasion  strip 

S-61L/N 

Aluminum  wear  strip,  short  stainless 
steel  abrasion  strip 

CH-3C 

Long  stainless  steel  abrasion  strip 

Tail  Rotor 

Head 

SH-3A/D 

Grease  lubricated 

S-61L/N 

Grease  lubricated 

CH-3C 

Oil  lubricated 

*BIM^  seal  is  a  patented  Sikorsky  Blade  Inspection  Method 

in  which  the  spar  is  pressurized  with  nitrogen  and  the  pressure 
in  the  spar  provides  an  indication  of  the  structural  integrity 
of  the  blade.  Mark  I,  III,  and  IV  are  successive  improved 
versions  of  the  system. 
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mesh  to  reduce  the  speed  to  8,100  rpm.  This  speed  permits  a  ramp-roller 
type  freewheel  unit  to  be  installed,  providing  isolation  of  the  turbines 
should  a  malfunction  occur.  The  left-hand  freewheel  unit  includes  an 
actuator  which  prevents  the  freewheel  unit  from  being  engaged  but  allows 
the  inner  shaft  to  rotate  and  drive  the  accessories  during  ground  opera¬ 
tion  when  the  main  rotor  is  stationary.  Helical  gears  are  used  to  reduce 
the  speed  to  3,195  rpm  and  to  combine  the  power  from  both  engines  onto  a 
single  shaft.  The  thrust  from  these  helical  pinions  is  impressed  on  two 
hydraulic  cylinders  and  provides  the  input  for  the  two  torquemeters  used 
in  this  aircraft.  The  combined  power  is  transferred  across  an  approxi¬ 
mately  right-angle  shaft  angle  by  the  use  of  spiral  bevel  gears  and  to  the 
one-stage  planetary  that  supplies  power  to  the  main  rotor.  Power  from  the 
driven  bevel  gear  is  also  supplied  to  the  tail  rotor  drive  system  and  the 
accessories  as  well. 

The  tail  rotor  drive  system,  shown  in  Figure  2,  includes  a  drive  shaft 
rotating  at  3,030  rpm,  an  intermediate  gearbox  (shewn  in  Figure  6),  and  a 
tail  gearbox  (shown  in  Figure  7).  The  intermediate  gearbox  is  only  an 
angular  change  unit,  while  the  tail  gearbox  accomplishes  a  2.1+375  speed 
reduction  with  a  right-angle  set  of  spiral  bevel  gears.  The  output  spiral 
bevel  gear  shaft  is  the  mounting  shaft  for  the  tail  rotor,  while  the  pitch 
beam  shaft  is  mounted  concentric  with  and  is  located  within  this  same  out¬ 
put  shaft. 

Description  of  Main  Rotor  System 

This  H-3  aircraft  was  initially  developed  for  carrier  operation  with  the 
U.S.  Navy  and  featured  automatic  blade  folding  as  shown  in  Figure  8.  The 
fully  articulated  main  rotor  is  shown  in  Figures  9  and  10.  Some  subsequent 
commercial  and  military  versions  of  this  rotor  system  have  this  feature  re¬ 
moved,  and  a  much  more  simple  rotor  head  assembly  has  resulted  at  a 
substantial  reduction  in  weight.  Oil-  and  grease-lubricated  versions  of 
both  configurations  were  produced  as  noted  in  Table  I.  An  oil- lubricated 
rotor  head  without  blade  fold  is  shown  in  Figure  10. 

As  can  be  seen  in  Figure  11,  the  integral  upper  plate  and  hub  are  splined 
to  the  rotor  shaft  to  transmit  the  torque  to  the  rotor  head.  The  lower 
plate,  capable  of  transmitting  only  centrifugal  force,  is  attached  to  the 
hub  and  encloses  the  vertical  and  horizontal  hinge,  the  damper  assemblies, 
and  other  miscellaneous  hardware.  The  rotor  head  is  mounted  on  and  se¬ 
cured  to  the  main  rotor  shaft  by  two  tapered  cone  seats  and  a  large-diameter 
nut. 

A  vertical  and  horizontal  hinge  is  fitted  into  each  arm  of  the  hub  assembly 
between  the  hub  plates.  These  hinges  allow  lead- lag  and  flapping  motions 
about  intersecting  axes.  The  oil-lubricated  rotor  heads  have  oil  tanks 
which  are  located  on  top  of  the  vertical  hinge  to  provide  for  oil  lubri¬ 
cation  of  the  vertical  and  horizontal  hinges  and  sleeve  and  spindle  assem¬ 
blies;  a  hydraulic  damper  is  attached  to  one  end  of  each  horizontal  pin 
and  to  an  adjacent  arm  on  the  hub,  as  shown  in  Figure  10,  providing  for 
attenuation  of  rotor  blade  lead- lag  motion  about  the  vertical  hinge.  The 
cylinder  is  connected  to  a  central  reservoir  for  continuous  replenishment 
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of  hydraulic  fluid.  A  sleeve  and  spindle  assembly  is  connected  to  the 
horizontal  hinge  and  includes  a  stack  of  angular  contact  ball  bearings 
which  form  the  feathering  hinge.  These  bearings  allow  rotation  of  the 
sleeve  and  blade  for  pitch  change  motion.  Each  main  rotor  blade  is  joined 
to  the  sleeve  by  a  bolted  connection. 

The  rotor  blades  are  controlled  by  a  swashplate  system  that  is  concentric 
with  the  main  rotor  shaft.  The  nonrotating  swashplate  is  mounted  on  a 
sliding  journal  type  bearing  and  a  large  spherical  joint  that  permit  trans¬ 
lation  and  angular  tilt,  respectively,  as  required  by  the  servo  inputs  of 
the  control  system.  A  nonrotating  scissors  linkage  provides  for  synchro¬ 
nization  of  the  nonrotating  swashplate  with  the  main  rotor  transmission 
housing,  while  allowing  the  axial  and  angular  freedom  required.  The  main 
rotor  servos  are  attached  directly  to  this  swashplate  and  provide  the  basic 
collective  and  cyclic  pitch  input  signal  to  the  main  rotor  head.  A  large- 
diameter  duplex  set  of  ball  bearings  joins  the  nonrotating  to  the  rotating 
swashplate,  as  shown  in  Figure  12. 

A  control  horn  is  bolted  to  each  sleeve,  and  the  motions  of  the  swashplate 
are  transferred  to  the  horns  by  five  control  rods.  A  rotating  scissors 
provides  for  synchronization  of  the  rotating  swashplate  with  the  main  rotor 
while  allowing  the  swashplate  to  simultaneously  translate  and  tilt  on  its 
axis. 

Details  of  the  main  rotor  blade  are  shown  in  Figure  13 .  The  blade  is  es¬ 
sentially  all  metal  and  has  a  structure  consisting  of  two  primary  members, 
a  spar  which  spans  nearly  the  full  length  of  the  blade,  and  a  cuff  which 
retains  the  spar  and  transfer  loads  to  the  rotor  head.  Secondary  struc¬ 
tural  members  retain  leading-edge  counterweights  and  shim  weights  used  for 
spanwise  and  chordwise  balance.  All  other  parts  are  nonstructural  and  are 
included  for  balancing,  sealing,  and  aerodynamic  purposes.  They  consist 
of  trailing-edge  fairings,  root  end  spacer  blocks,  a  tip  cap,  leading-edge 
counterweights,  and  spar  and  fairing  seals. 

The  aluminum  alloy  spar  in  the  shape  of  a  hollow  "D"  forms  the  leading  edge 
of  the  airfoil  section  and  is  the  primary  structural  member.  It  has  a 
constant  inner  contour  over  the  entire  spar  length.  The  wall  thickness  in¬ 
creases  gradually,  going  inboard  and  ending  in  an  appropriately  thick  root 
end  section  of  sufficient  strength  to  carry  all  centrifugal,  torsional, 
and  bending  stresses. 

The  aft  portion  of  the  airfoil  contour  is  formed  by  sheet  metal  fairings 
which  are  bonded  to  the  aft  portion  of  the  spar.  Closely  spaced  rein¬ 
forcing  ribs  stiffen  the  fairings  and  prevent  local  panel  flutter.  The 
12-inch-long  fairings  are  nonstructural  units,  consisting  of  aluminum  alloy 
formed  ribs  and  outer  skins  adhesively  bonded  together.  Spaces  between 
fairings  are  sealed  with  wedges  of  closed-cell,  nitrogen-filled  neoprene 
sponge.  The  inboard  end  of  the  blade  has  no  fairings,  as  shown  in  Figure 
9. 


Nonstructural  counterweights,  each  covered  with  a  molded-on  jacket  of 
rubber  to  produce  an  interference  fit  without  metal-to-metal  contact,  are 


ll 


15 


■box. 


Figure  10.  Side  View,  H-3  Oil  Lubricated  Main  Rotor  Head. 


installed  in  the  leading  edge  of  the  spar.  At  the  tip,  shim  weights  are 
used  to  match  the  spanwise  balance  of  each  blade  against  a  master,  in  a 
static  balancing  operation.  Another  weight  is  selectively  positioned  along 
a  tip  bracket  to  match  the  chordwise  balance  of  the  blade  against  a  master 
in  a  dynamic  balancing  operation  on  the  whirl  stand. 

The  tip  cap  is  a  rectangular,  nonstructural  type  fairing  formed  from  alumi¬ 
num  alloy.  Each  cap,  like  the  blade,  is  statically  balanced  to  a  standard 
moment  to  provide  interchangeability.  The  cap  is  retained  by  screws  fast¬ 
ened  to  nut  platfes  attached  to  the  spar,  the  extending  horn,  and  tip  pocket 
rib,  and  is  readily  removable  to  provide  easy  access  to  tip  hardware. 

The  blade  is  equipped  with  the  Sikorsky-developed  blade  inspection  method 
(BIM,  >).  The  spar  is  sealed  and  pressurized  from  its  root  end  to  just  in¬ 
board  of  the  counterweight  retaining  block.  An  indicator  mounted  at  the 
root  end  of  the  blade  senses  pressure  losses  caused  by  cracks  in  the  spar. 

If  a  crack  occurs,  the  indicator  will  display  a  red  warning  color  and  is 
easily  observed  from  the  ground.  The  system  provides  a  fail-safe  blade 
design  by  exposing  cracks  safely  in  advance  of  complete  propagation.  This 
system,  used  in  H-31*,  H-3,  and  H-53  helicopters,  has  been  flawless  in  un¬ 
covering  cracks  in  service. 

Description  of  Antitorque  Rotor  System 

The  five-bladed  tail  rotor  system  installed  on  the  initial  H-3  helicopters 
is  shown  in  Figure  lU.  The  primary  components  axe  the  tail  rotor  hub, 
spindles,  sleeve,  control  arms,  and  the  blades  themselves.  The  tail  rotor 
has  two  degrees  of  freedom.  The  sleeve  and  blade  assembly  rotates  about 
the  spindle  on  a  stack  of  angular  contact  ball  bearings  that  form  the 
feathering  hinge  for  pitch  change  motion,  while  the  sleeve,  blade,  and 
spindle  are  free  to  move  about  the  flapping  hinge  axis  of  the  tail  rotor 
hub.  The  bearing  arrangement  is  shown  in  Figure  15. 

A  pitch  arm,  or  horn,  is  bolted  to  each  sleeve  and  transmits  the  input 
pitch  link  motion  to  the  sleeve  and  blade  assembly  (Figure  15).  The  ad¬ 
justable  pitch  link  connects  to  the  pitch  beam  where  it  receives  the  input 
control  motions  from  the  pitch  beam  and  pitch  control  shaft.  The  pitch 
beam,  actuator  shaft,  and  hub  assembly  are  synchronized  to  provide  the  re¬ 
quired  geometric  relationship  while  allowing  the  pitch  beam  tc  move  axially. 

The  tail  rotor  blade  assembly  is  shown  in  Figure  16.  The  primary  struc¬ 
tural  supporting  member  extends  the  length  of  the  blade  and  consists  of  a 
solid  aluminum  alloy  spar.  This  spar  has  a  thin  leading-edge  section  for 
the  outer  75  percent  of  the  blade  but  develops  into  a  substantially 
thicker  section  at  the  inooard  root  end  where  it  attaches  to  the  sleeve. 

A  continuous  aluminum  alloy  skin  is  wrapped  around  and  bonded  to  the  lead¬ 
ing  edge  of  the  spar  and  also  bonded  together  at  the  trailing  edge,  forming 
an  integral  assembly.  The  interior  of  the  skin  is  provided  with  sand¬ 
wiched  aluminum  foil  honeycomb  bonded  in  place  between  the  top  and  bottom 
skin  and  the  trailing-edge  side  of  the  spar  to  form  structural  support  for 
the  skin  and  to  produce  a  lightweight  blade.  Chordwise  and  spanwise  bal¬ 
ance  weights  are  fastened  to  the  inside  tip  of  the  skin  and  the  spar  prior 
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to  installation  of  the  aluminum  tip  cap.  The  blades  are  statically  bal¬ 
anced  by  these  weights  to  a  master  blade  which  permits  interchangeability 
of  one  or  more  blades  on  a  rotor  head.  The  leading  edge  of  the  blade  is 
provided  with  a  bonded-on  aluminum  wear  or  stainless  steel  abrasion  strip 
for  the  outer  portion  of  the  blade.  The  root  end  of  the  blade  assembly  is 
sealed  with  a  cemented  balsa  filler,  while  the  blade  is  retained  to  the 
rotor  head  sleeve  by  two  bolts. 

DESCRIPTION  OF  TRANSMISSION  SYSTEM  TEST  FROGRAM 


The  design  and  development  of  the  H-3  helicopter  has  been  a  continuing  pro¬ 
gram  for  more  than  13  years,  due  to  the  various  applications  and  missions 
outlined  for  this  aircraft.  To  study  and  evaluate  t  .e  several  facets  of 
the  helicopter  test  program,  all  aspects  of  the  ai'-raft  program  should  be 
considered,  including  the  original  design  requir. Merits  and  configuration, 
the  overall  test  program,  and  the  ensuing  model  variations  that  required 
modification  to  the  dynamic  systems  and,  correspondingly,  additional  test¬ 
ing.  Figure  IT  outlines  the  H-3  helicopter  program.  Append 'x  III 
summarises  the  failures  experienced  on  the  H-3  development  program. 

In  several  aspects,  this  H-3  program  was  a  pioneer  test  program  for 
Sikorsky  Aircraft.  Prior  aircraft  programs  at  Sikorsky  had  used  regenera¬ 
tive  bench  tests,  whirl  tests,  tiedown  aircraft  tests,  and  flight  tests 
to  develop  and  qualify  the  various  aircraft  components.  However,  the  test 
program  for  the  dynamic  systems  of  this  aircraft  commenced  on  a  propulsion 
test  bed  using  the  power  from  two  T58-GE-6  turboshaft  engines  with  a  com¬ 
bined  output  of  P,100  horsepower.  This  propulsion  system  test  bed 
consisted  of  a  welded  steel  stand  on  which  the  two  T50  turbines,  the  main 
gearbox,  the  main  rotor  head,  and  the  associated  control  systems  were 
mounted.  A  dynamometer  absorbed  the  power  that  would  normally  be  supplied 
to  the  tail  rotor.  This  was  the  first  application  of  the  PSTB  at  Sikorsky 
Aircraft.  Subsequent  propulsion  system  test  beds  have  included  the  tail 
rotor  and  the  associated  drive  system  and  much  more  sophisticated  monitor¬ 
ing  installations.  However,  the  test  concept  and  approach  were  extremely 
helpful  in  resolving  interface  problems  and  set  the  pattern  for  subsequent 
development  programs  for  other  aircraft. 

The  regenerative  test  stand  for  testing  intermediate  and  tail  rotor  gear¬ 
boxes  began  operation  shortly  after  the  propulsion  system  test  bed.  The 
main  rotor  whirl  tests  started  at  approximately  the  same  time,  followed  by 
the  tail  rotor  whirl  tests  2  months  later.  Tiedown  aircraft  testing,  fol¬ 
lowed  by  main  transmission  regenerative  testing,  completed  the  initial 
test  program. 

In  some  instances,  the  availability  of  test  facilities  and  test  hardware 
determined  which  test  commenced  first.  The  main  gearbox  and  the  main  rotcr 
were  tested  initially  on  the  propulsion  system  test  bed,  which  was  ready 
for  operation  first,  rather  than  on  the  regenerative  and  whirl  test  stand, 
respectively.  Since  the  propulsion  system  test  bed  was  powered  by  pro¬ 
totype  T58  engines,  their  limited  power  capability  determined  the  maximum 
power  settings  that  were  used.  The  system  tests  were  augmented  by  design 
selection  and  fatigue  tests  on  selected  components  in  an  effort  to  analyze 
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component  performance  and  simulate  the  loading  during  aircraft  operation. 
RESULTS  OF  TRANSMISSION  SYSTEM  TESTING 


Main  Gearbox 


During  the  H-3  test  program,  both  development  and  qualification  testing  was 
conducted  on  the  main  gearbox.  The  initial  qualification  testing  was  con¬ 
ducted  on  the  propulsion  system  test  bed,  and  on  the  basis  of  that  testing, 
a  200-hour  TBO  was  approved.  With  the  advent  of  the  T58-8  engine  and  its 
increased  power  capability  of  1,250  horsepower  versus  1,050  horsepower  for 
the  T58-6,  the  customer  requested  that  the  gearbox  be  modified  to  accept 
this  increased  capability  and  to  include  engine  torquemeters  within  the 
gearbox.  Thus ,  on  the  basis  of  the  additional  testing  that  was  required 
for  this  modified  gearbox,  a  250-hour  TBO  was  established.  Experience  on 
the  test  stand  and  with  early  production  aircraft  indicated  that  certain 
design  improvements  would  be  required  to  meet  design  objectives,  including 
a  higher  TBO  interval.  To  accommodate  all  of  the  various  customer  require¬ 
ments,  four  basic  main  gearbox  assemblies  were  designed  ;md  tested  luring 
the  H-3  program.  (Numerous  minor  modifications  to  these  basic  gearboxes 
were  made  to  accommodate  particular  customer  requirements,  but  such  changes 
have  little  apparent  effect  on  the  overall  reliability  of  the  main  gearbox.) 

A  careful  review  of  the  H-3  engineering  test  reports  lias  been  made  to  de¬ 
termine  the  problems  that  were  encountered  during  the  test  programs;  the 
results  of  this  investigation  are  summarized  in  Figure  18.  Initially,  the 
problems  encountered  are  shown  separated  into  three  categories:  first, 
those  that  could  be  repaired  with  the  gearbox  left  installed  on  the  heli¬ 
copter;  second,  those  malfunctions  requiring  component  removal;  and  third, 
those  problems  that  would  be  detected  at  the  normal  gearbox  overhaul 
period  but  would  not  cause  degradation  in  performance  d'lring  normal  opera¬ 
tion  before  that  time.  As  can  be  seen  from  Figure  1°,  covering  the 
regenerative,  tiedown,  and  PSTB  testing,  over  one-half  of  the  total  mal¬ 
functions  in  the  main  gearbox  test  program  necessitated  removal  of  the 
component  from  the  test  stands  or  aircraft,  dome  interpretation  of  this 
data  is  essential,  however,  since  the  test  program  prior  to  April  1961  was 
largely  a  development  program.  Although  conducted  as  a  lualification  pro¬ 
gram  on  the  initial  gearboxes  in  accordance  with  Military  specification 
Dower  spectra,  the  growth  potential  of  the  engine  necessitated  n-nratinv 
and  some  redesign  of  tiie  gearboxes.  The  early  test  program  also  uncovered 
several  problem  areas  that  were  developmental  in  nature.  Several  malfunc¬ 
tions  occurred  in  the  high-speed  input  section  that  required  changes  in 
manufacturing  processes  but  not  in  the  design  of  the  parts.  These  mal¬ 
functions  still  appear  in  Figure  18.  Perhaps  another  viewpoint  would  be 
to  consider  the  type  of  corrective  action  taken  as  a  result  of  the  mal¬ 
functions.  Figure  19  provides  data  in  support  of  this  approach  for  the 
entire  test  program  on  the  various  versions  of  the  main  gearbox.  About 
63  percent  of  the  malfunctions  required  design  modifications,  while  changes 
in  manufacturing  techniques  and  material  specifications  were  required  to 
correct  12  percent  of  the  malfunctions.  Two  percent  required  new  design 
approaches,  although  no  corrective  action  other  than  replacement  of  parts 
was  required  for  the  other  23  percent  of  component  removals. 
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Figure  18.  H-3  Main  Gearbox  Malfunctions  by  Category. 
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Several  different  testing  techniques  were  employed  in  this  test  program. 

As  noted  in  Figure  17,  the  main  gearbox  was  developed  on  a  propulsion  sys¬ 
tem  test  bed,  a  tiedown  aircraft,  a  regenerative  test  stand,  and  the  flight 
aircraft.  Each  of  these  tests  or  types  of  test  has  advantages  in  relation 
to  i  t  overall  program,  since  different  testing  techniques  were  employed 
in  each.  The  malfunctions  experienced  in  the  various  types  of  tests  on 
the  early  gearboxes  are  strikingly  similar,  as  can  be  seen  from  Figures 
20,  21,  and  22.  From  these  figures,  it  would  appear  that  inherent  relia¬ 
bility  will  be  revealed  in  any  development  test  program  that  includes 
realistic  loading  simulating  operating  conditions.  But  this  is  not  neces¬ 
sarily  the  case.  In  fact,  simulating  service  environment  and  operation  is 
a  very  involved  problem,  not  usually  done  during  previous  test  programs. 

In  this  H-3  program,  the  environmental  conditions  were  similar  for  the 
propulsion  system  test  bed  and  the  tiedown  aircraft.  The  regenerative  test 
stand  was  very  similar  also,  except  that  the  temperature  of  and  the  moisture 
in  the  air  were  more  uniform  in  the  test  cell.  With  the  test  conditions 
fairly  identical,  the  similar  failures  during  the  test  program  are  not 
surprising. 

These  figures  do  not  reveal  the  additional  interface  problems  detected  and 
resolved  in  the  integrated  system  tests.  The  propulsion  system  test  bed 
and  tiedown  tests  detect  and  .esolve  problems  other  than  just  those  pecu¬ 
liar  to  a  particular  component.  These  tests  defined  interface  problems 
with  the  rotor,  control,  transmission,  and  powerplant  installations.  For 
example,  the  H-3  propulsion  system  test  bed  provided  a  means  of  testing 
the  rotor  brake  with  flight  type  hardware.  Although  extensive  hardware 
modifications  were  required  periodically,  the  lead  time  provided  by  the 
nonaircraft  system  test  allowed  flight  hardware  to  be  developed  without 
undue  delays  in  the  overall  program. 

Other  comparisons  are  made  in  Table  II,  using  normalized  data  with  the  re¬ 
generative  bench  test  as  a  baseline  value  of  1.00.  From  this  data  it  would 
appear  that  the  propulsion  system  test  bed,  where  an  "iron  monster  is  used 


TABLE  II.  COMPARATIVE  DATA,  H-3 

MAIN  GEARBOX  TEST  STANDS 


Type  of  Test 

Stand 

Relative  Operating 
Hours  per  Failure 

Relative  Operating 
Hours  per  Month 

Regenerative 

1.00 

1.00 

Tiedown 

1.30 

0.65 

Propulsion  System 

Test  Bed 

1.  85 

0.25 

for  the  fuselage  and  the  entire  aircraft  propulsion  system  is  tested,  is  the 
least  effective  approach  to  testing.  However,  it  must  be  remembered  that 
the  initial  debugging  and  development  effort  was  accomplished  on  this  test 
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Figure  21.  H-3  Main  Gearbox  Failures, 

Tiedown  Aircraft. 


stand.  When  a  difficulty  was  experienced  with  any  portion  of  the  system, 
the  entire  test  was  delayed,  producing  u  low  test  hour  per  month  value. 

It  would  be  expected  that  the  most  complicated  test  approach,  the  tiedown 
aircraft,  would  exhibit  the  lowest  test  hours  per  month;  however,  this  is 
not  borne  out  by  the  H-3  program.  Long  delays  caused  by  early  malfunctions, 
lack  of  backup  test  hardware,  and  modifications  to  the  test  stand  itself 
lengthened  the  calendar  time  required  for  the  propulsion  system  test  bed 
testing,  while  the  tiedown  tests  proceeded  rather  smoothly. 

The  failures  experienced  during  the  test  program  were  classified  in  yet 
another  manner  to  determine  the  modes  of  failure.  This  revealed  that  the 
failures  could  be  grouped  into  12  separate  categories  as  shown  in  Table 
III.  Although  faulty  assembly  was  known  to  be  the  reason  in  3  percent 
of  the  cases,  it  is  most  likely  that  this  reason  caused  several  additional 
failures  as  well,  although  it  is  impossible  to  quantify  this  item  any 
further. 


TABLE  III. 

MODE  OF  FAILURE  SUMMARY, 

H-3  MAIN  GEARBOX 

Mode  of 

Fai lure  or 

Reason 

for  Removal 

Percent  of  Removals  ** 

Contamination 

k.3 

Faulty  Assembly 

h.3 

Fracture 

27.6 

Flaking 

6.1 

Hardware 

2.5 

High  Time* 

0.6 

Leakage  -  Seals 

1.2 

Lubrication  System 

6.1 

Pitting 

1.8 

Scuffing 

3.1 

Spalling 

28.9 

Wear 

13.5 

#High  time  removals  occurred  during  the  test  program 
because  a  mandatory  retirement  time  was  established 
for  components  to  allow  continuation  of  the  test 
during  redesign  and  subsequent  fabrication. 

**Based  on  l£6  Failures 
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Summarizing  the  main  gearbox  test  program  and  the  malfunctions  experienced 
on  the  various  test  stands,  approximately  one-half  of  all  failures  were 
bearing  failures,  as  shown  in  Figure  23.  Other  primary  causes  of  removal 
for  the  more  than  5,600  test  hours  accumulated  on  the  various  main  gearbox 
configurations  are  shown  as  well.  A  distribution  of  these  test  hours 
among  the  various  test  facilities  is  shown  in  Figure  IT- 

Intermediate  and  Tail  Gearboxes 


The  intermediate  and  tail  gearboxes  were  subjected  to  testing  in  the  pro¬ 
pulsion  system  test  bed,  the  tiedown  aircraft,  and  a  regenerative  test 
stand,  which  is  shown  in  Figure  2b.  These  gearboxes,  each  incorporating 
a  single  spiral  bevel  gear  mesh,  exhibited  excellent  reliability  during 
the  entire  test  program.  As  a  result,  a  1000-hour  TBO  was  initially  ap¬ 
proved  for  both  gearboxes.  The  only  difficulty  encountered  with  the 
intermediate  gearbox  was  a  static  structural  failure  of  one  mounting  lug. 

A  few  minor  problems  developed  during  the  tail  gearbox  test  program  as  well, 
but  only  one  failure  involved  safety  of  flight.  That  failure  involved 
fracture  of  the  tail  rotor  pitch  beam  shaft  and  was  related  to  experimental 
manufacturing  processes  which  were  changed  following  subsequent  tests  in 
the  fatigue  laboratory.  Other  malfunctions  experienced  during  the  test 
program  were  two  spalled  tapered  roller  bearings,  one  pitted  spiral  bevel 
pinion,  two  worn  splines  at  the  tail  rotor  shaft  tail  rotor  hub  interface, 
and  one  cracked  attachment  lug.  Comparatively  speaking,  these  were  minor 
problems  and  did  not  require  extensive  redesign  or  delays  in  the  test 
program. 

DESCRIPTION  OF  ROTOR  SYSTEM  TEST  PROGRAM 


As  noted  in  Figure  17  and  in  the  description  of  the  transmission  system 
test  program,  the  rotor  system  components  were  tested  on  the  PSTB,  the 
tiedown  and  flight  aircraft,  the  main  and  tail  rotor  whirl  test  stands, 
and  in  the  fatigue  laboratory.  These  several  tests  were  conducted  for 
various  reasons  and  with  various  operating  and  loading  conditions.  While 
the  rotor  system  was  tested  as  part  of  the  overall  dynamic  system  on  the 
PSTB  and  the  tiedown  and  flight  test  aircraft,  whirl  testing  permitted 
testing  the  individual  rotor  systems  at  accelerated  speeds,  with  the 
associated  increased  centrifugal  loads ,  and  at  accelerated  coning  and 
flapping  angles  over  the  expected  aircraft  operation.  More  than  2300 
hours  of  whirl  testing  were  conducted  on  the  main  rotor  test  stand,  while 
over  2000  hours  were  accumulated  on  the  tail  rotor  test  stand  as  shown  in 
Figure  17- 

The  tail  rotor  test  stand  allows  precession  of  the  tail  rotor  about  a 
vertical  axis  to  introduce  the  effects  of  flapping  on  tail  rotor  perform¬ 
ance.  Recent  modifications  to  this  same  stand  allow  gust  loading  to  be 
evaluated  also.  A  large  ducted  fan  directs  a  stream  of  air  onto  the  tail 
rotor,  and  combined  with  the  precessing  action,  simulates  operation  in 
turbulent  air. 

Individual  rotor  head  components  and  portions  of  the  rotor  blades  were 
tested  in  the  fatigue  laboratory  to  evaluate  the  designs  and  verify  the 
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Figure  23.  H-3  Main  Gearbox  Failures, 
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Figure  -4.  H-3  Tail  and  Intermediate  Gearbox,  Regenerative  Test  Stand. 


structural  integrity  of  the  various  components.  This  testing  is  conducted 
for  an  entirely  different  purpose  than  the  other  tests  in  that  components 
are  tested  to  failure  or  to  runout  to  establish  either  modes  of  failure, 
fatigue  strength  of  the  part  and  safe  operating  envelope,  or  an  allowable 
operating  interval  for  a  particular  component.  Thus,  failures  in  the 
fatigue  laboratory  are  the  desired  end  result,  and  the  more  than  350 
failures  of  various  rotor  head  components  during  the  H-3  test  program  are 
not  indicative  of  rotor  head  reliability.  As  such,  they  are  not  included 
or  considered  in  this  study,  since  their  basic  purpose  was  definitive  or 
exploratory  in  nature. 

RESULTS  OF  ROTOR  SYSTEM  TESTING 


Main  Rotor  System 

Initial  testing  of  the  rotor  system  was  coincident  with  the  transmission 
system  testing,  since  the  PSTB  was  the  first  test  for  both  systems.  Inter¬ 
face  and  assembly  problems  were  resolved  in  the  rotor  and  control  systems 
during  the  early  phases  of  testing  and  before  significant  power  was  ab¬ 
sorbed  by  the  rotor  system.  The  ensuing  testing  evaluated  the  effects  of 
variations  in  flapping  angle,  magnitude,  and  direction  of  the  resulting 
thrust  vector;  vibratory  response  of  the  rotor  system;  and  environmental 
factors  such  as  ice,  temperature,  and  humidity  on  performance  of  the  rotor 
system.  Figure  25  depicts  the  types  of  failures  that  were  experienced 
during  operation  of  the  propulsion  system  test  bed;  bearing  failures  were 
predominant. 
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Similar  testing  was  conducted  on  the  tiedown  aircraft,  except  that  all 
other  dynamic  systems  of  the  aircraft  were  also  evaluated  concurrently. 
Although  the  duration  of  the  test  was  considerably  longer,  the  testing 
did  not  reveal  any  predominant  mode  of  failure.  As  shown  in  Figure  26, 
various  components  failed  other  than  those  that  failed  on  the  PSTB,  but 
these  are  largely  attributed  to  the  longer  duration  of  the  testing. 

The  failures  experienced  during  whirl  testing  are  shown  in  Figure  27;  at 
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first  glance,  bearing  failures  appear  to  predominate.  However,  there  are 
different  bearing  arrangements  for  each  blade  in  the  rotor  head  and  each 
damper  assembly.  It  follows  that  the  relative  failures  of  three  different 
components  are  essentially  equal.  A  composite  picture  of  all  test  stand 
failures  on  the  main  rotor  assembly  and  a  list  of  the  various  components 
that  required  removal  are  given  in  Figure  2 8. 


Flapping  Hinge  Bearing 
Tip  Cap 

Damper  Cylinder 
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*Based  on  7  Failures 

Figure  26. 
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H-3  Main  Rotor  Failures, 
Tiedown  Test  Facility. 
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Figure  27. 
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H-3  Main  Rotor  Failures, 
8000-Horsepower  Whirl  Stand. 
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*Based  on  5 6  Failures 
Figure  28. 


PERCENTAGE  OF  FAILURES* 


H-3  Main  Rotor  Head  Component 
Failures,  All  Test  Programs 
(Excluding  Laboratory  Fatigue 
Test  Programs). 


Tail  Rotor  System 

f°t0r  system  testing  was  similar  to  the  main  rotor  except  that  the 
whirl  testing  was  conducted  on  a  tail  rotor  test  stand  that  permitted 
precessing  of  the  rotor  during  operation.  Since  80  percent  of  the  failures 
occurred  during  whirl  testing,  and  similar  lodes  and  types  of  failures  were 
experienced  in  the  various  tests,  all  failures  have  been  combined  and  are 
presented  in  figure  29-  Even  though  there  are  two  sets  of  bearings  for 
each  tail  rotor  blade,  this  mode  of  failure  predominated  during  the  test 
program.  This  test  stand  is  shown  in  Figure  30. 


*Based  on  35  Failures 


PERCENTAGE  OF  FAILURES* 


figure  29.  H-3  Tail  Rotor  Failures,  All 

lest  :rograms  (Excluding  Laboratory 
Fatigue  Test  Programs). 
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Figure  30.  2000-Horsepower  Tail  Rotor  Test  Facility. 


SERVICE  EXPERIENCE 


Extensive  use  of  the  H-3  helicopters  by  various  military  and  commercial 
users  has  provided  experience  in  various  environments  and  types  of  opera¬ 
tion.  From  short,  high-power  commercial  flights  to  search  and  rescue 
missions  of  much  longer  duration,  widely  differing  operating  conditions  and 
environments  have  been  encountered.  The  original  aircraft  was  designed 
with  two  missions  in  mind:  an  antisubmarine  mission  with  a  cruise  speed  of 
100  knots  and  an  assault  mission  with  a  135-knot  cruise  condition.  These 
two  missions  provided  the  initial  design  requirements  for  the  dynamic 
components  reviewed  in  this  study. 

After  the  initial  design  and  development  commenced,  the  aircraft  was  con¬ 
sidered  for  other  operational  requirements,  and  design  modifications 
followed.  The  fuselage  was  extended  60  inches  in  developing  a  commercial 
aircraft.  A  new  fuselage  with  a  rear-loading  ramp  was  built  for  the  long- 
range  search  and  rescue  aircraft  for  the  U.S.  Air  Force  and  Coast  Guard. 
These  aircraft  modifications  required  changes  to  the  drive  train  as  well. 
Instead  of  the  accessories  being  driven  by  the  left-hand  (number  1)  tur¬ 
bine,  an  auxiliary  power  unit  was  mounted  behind  the  main  gearbox  on  one 
configuration  to  provide  accessory  power  without  operating  the  primary 
turbines  during  ground  operation.  As  a  result  of  the  various  configura¬ 
tions  and  corresponding  varied  operators,  the  aircraft  has  been  operated 
in  various  environments  from  the  cold  of  arctic  operation  to  the  dust, 
heat,  and  sand  of  Southeast  Asia. 

The  corresponding  service  data  provide  meaningful  insight  into  operational 
problems,  since  various  modes  of  operation  are  included.  Over  570  aircraft 
are  in  operation,  and  although  the  data  do  not  reflect  the  entire  accumu¬ 
lated  operating  time  of  over  1,100,000  hours  on  the  H-3  series  helicopter, 
it  is  representative  of  single-rotor  helicopter  operation. 

The  data  presented  in  the  following  paragraphs  have  been  obtained  from 
several  different  sources  and  types  of  forms  in  use  by  the  various  military 
services,  comnercial  customers,  and  Sikorsky  Aircraft.  All  available  data 
were  reviewed  to  determine  the  quantities  and  types  of  failures.  However, 
certain  overhaul  and  repair  work  was  not  conducted  at  Sikorsky.  Unless 
major  problem  areas  were  encountered,  information  on  such  overhaul  work 
done  at  these  r^narate  facilities  was  not  relayed  to  Sikorsky  and  is  not 
included  in  the  . ollcwing  data. 

SERVICE  EXPERIENCE  WITH  THE  H-3  TRANSMISSION  SYSTEM 


Figure  31  shows  malfunctions  experienced  during  service  on  the  main  gear¬ 
box.  The  malfunctions  are  classified  by  various  components  and  reflect 
various  problem  areas  (gears,  bearings,  etc.)  instead  of  types  of  failure 
(fracture,  brinneling,  wear,  etc.). 

The  drive  shaft  installation  exhibited  exceptional  reliability  during  both 

test  and  service.  During  test,  11  flexible  disk  couplings  experienced 
deterioration  during  operation  but  continued  to  perform  their  intended 
function  during  test  interval,  ullowing  repair  following  normal  shutdown. 
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#Based  on  315  Failures 

Figure  31-  H-3  Main 
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Service  Failures. 


Service  experience  with  the  drive  shafting  was  similar  in  that  the  failures 
were  minimal.  Only  one  thrust  hearing  failure,  near  the  disconnect  cou¬ 
pling,  and  four  flexible  disk  coupling  malfunctions  have  been  noted  in 
service.  The  tail  rotor  drive  shafting  consists  of  five  sections  of  shaft¬ 
ing  with  the  end  sections  joined  to  the  stainless  steel  tubing  by  the  use 
of  a  brazed  joint.  During  service,  this  connection  has  failed  twice.  How¬ 
ever,  considering  the  service  time  and  number  of  components  in  service,  the 
drive  shaft  installation  has  exhibited  a  very  high  MTBR. 

Service  history  on  the  H-3  intermediate  and  tail  gearboxes  verified  that 
adequate  testing  was  conducted  on  the  drive  train,  but  environmental  tests 
and  seal  tests  simulating  or  duplicating  service  experience  were  not  con¬ 
ducted.  As  can  be  seen  in  Figures  32  and  33,  seal  leakage  accounted  for 
an  excessively  high  percentage  of  removals  for  both  gearboxes  and  was  the 
dominant  mode  of  failure. 

COMPARISON  OF  TRANSMISSION  SYSTEM  TEST  AND  SERVICE  EXPERIENCE 

Figure  3l*  shows  that  the  testing  did  not  simulate  actual  operation,  since 
apparent  disparities  exist  between  the  test  and  field  data.  Testing  and 
service  experience  are  compared  in  Table  IV.  Service  data  indicated  a 


TABLE  IV. 

COMPARATIVE  FAILURE 

DATA 

'omponent 

Failures  During 
Test 

( percent ) 

*  Failures  During  ** 
Service 
( percent) 

Beari1  gs 

1*9.7 

13 

Planetary  Assembly 

ll*.  2 

8 

Spur  and  Bevel 

17.8 

28 

Freewheel  Unit 

9-7 

5 

Seals 

1.1 

2 

Miscellaneous 

7-5 

1*1+ 

^Figure  23 
**Figure  31 

r  ‘  — — - - — - - - 

lower  percentage  of  bearing,  planetary,  and  freewheel  unit  failures  while 
seals  ,  spur  and  bevel  gearing,  and  miscellaneous  categories  exhibited  a 
higher  percentage.  Remembering  that  the  test  program  outlined  in  Figure 
17  included  much  earlier  development  testing  that  was  used  to  debug  the 
components,  the  comparison  between  the  aforementioned  accumulated  test 
data  and  service  history  failures  could  be  somewhat  anticipated. 
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Figure  32.  H-3  Intermediate  Gearbox  Service  Failures. 
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Let  us  consider  the  three  areas  that  were  responsible  for  a  larger  percen¬ 
tage  of  problems  during  test  than  during  service  -  bearings,  planetary 
system,  and  freewheel  unit  malfunctions.  First,  consider  bearings.  In 
the  main  gearbox,  there  are  approximately  h5  bearings.  Just  four  sleeve 
bearings  on  the  high  speed  input  shafts  were  responsible  for  one-third  of 
all  bearing  failures  during  the  test  program.  However,  after  initial 
development,  both  to  the  gearbox  lubrication  system  and  to  the  manufac¬ 
turing  processes  for  the  sleeve  bearings  themselves,  this  problem  was 
practically  eliminated  during  subsequent  operation.  Over  50  percent  of 
the  bearing  failures  were  caused  by  spalling.  This  problem  was  minimized 
by  several  design  modifications,  including  changes  in  materials,  bearing 
geometry,  types  and  arrangements  of  bearings,  and  the  lubrication  system. 

The  planetary  system  and  the  freewheel  units  are  relatively  complex 
assemblies  subject  to  the  associated  initial  development  problems.  Since 
the  components  are  so  interdependent,  initial  testing  defines  the  inter¬ 
faces  and  the  corresponding  problem  areas;  this  was  true  in  this  H-3  test 
program.  This  accounts  for  the  large  number  of  malfunctions  experienced 
during  the  initial  phases  of  testing. 

In  contrast,  consider  service.  Instead  of  a  rigorously  defined  mode  of 
operation  with  a  prescribed  power  spectrum  and  environment  as  in  the  test 
stand,  aircraft  utilization  is  dependent  only  upon  certain  guidelines,  red 
line  limitations,  and  the  mission  profile  that  must  be  flown.  Thus,  much 
more  varied  operating  conditions  are  encountered  as  soon  as  the  helicopter 
commences  operation.  The  environment  is  widely  varying,  in  contrast  to 
the  limited  test  cell  conditions.  Service  may  include  operating  in  a  sand 
and  dust  environment,  extreme  variations  in  temperature  and  humidity, 
various  organic  environments,  and  different  loading,  and  resulting  airframe 
deflections  due  to  peculiar  flight  conditions.  All  pilots  and  operating 
agencies  have  practices  peculiar  to  their  own  operation  as  well;  combined, 
these  environment  factors  tend  to  promote  a  wider  variety  of  problem  areas 
than  was  experienced  in  the  test  cell. 

The  miscellaneous  service  problem  areas  are  better  defined  in  Figure  35* 
Several  interesting  problem  areas  appeared  only  after  normal  operation 
commenced.  One  was  the  accessory  drive  shaft,  or  thru  shaft,  that  supplied 
power  to  the  accessories  from  the  number  one  (left)  turbine  during  ground 
operation.  Testing  did  not  simulate  flight  attitudes,  vibration,  wear, 
and  the  buildup  of  oil  on  the  inside  of  the  shaft  that  caused  buckling  in 
service.  Design  modifications  corrected  this  situation  and  eliminated 
such  malfunctions.  Gearbox  hardware  experienced  isolated  failures  due  to 
its  vibratory  environment  and  wear  from  high  time  operation.  Various 
minor  and  singular  items  appeared,  due  to  such  causes  as  maintenance  pro¬ 
cedures,  corrosion,  other  primary  failures,  and  contamination,  and  these 
required  periodic  design  changes  to  improve  the  overall  performance  of 
the  gearbox. 

For  the  tail  and  intermediate  gearboxes,  seal  leakage  has  been  the  major 
mode  of  failure  during  service  operation  as  shown  in  Figures  32  and  33. 
Comparing  field  experience  with  the  test  experience  discussed  on  page  hh, 
one  may  conclude  that  we  have  good  correlation  on  power  related  failures 
on  such  things  as  bearings  and  gears  but  poor  correlation  on  environmentally 
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affected  components  such  as  seals.  Had  environmental  testing,  including 
simulation  of  component  wear,  misalignment,  and  abrasion,  been  included  in 
the  original  testing,  the  service  experience  could  possibly  have  been  bettei 
anticipated. 
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27  percent  of  315  =  85) 
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Figure  35-  H-3  Main  Gearbox, 

Miscellaneous  Service  Failures. 


SERVICE  EXPERIENCE  WITH  THE  H-3  ROTOR  SYSTEM 


Hie  initial  H-3  series  helicopters,  developed  for  operation  aboard  aircraft 
carriers,  incorporated  grease  lubricated  rotor  heads  and  included  automatic 
blade  folding  for  the  main  rotor.  As  shown  in  Figure  3,  the  sleeve  on 
rotor  heads  with  automatic  blade  folding  includes  a  hinged  connection  on 
four  arms  of  the  rotor  head.  During  blade  fold,  number  one  blade,  without, 
any  hinged  provision  for  folding,  is  positioned  aft,  and  on  each  of  the 
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other  four  blades ,  two  short  pins  are  hydraulically  withdrawn  from  the 
sleeve-hinge  attachment  connection,  allowing  the  hinge  attachment  and 
blade  assembly  to  pivot  about  the  remaining  pin.  A  major  portion  of  SH-3A 
rotor  head  removals  was  caused  by  mechanical  problems  with  the  blade  fold 
hardware.  Damper  assembly  problems  were  another  major  reason  for  removals 
on  early  aircraft,  and  these  two  items  required  design  modifications. 

Initial  service  experience  revealed  that  maintenance  time  on  the  grease 
lubricated  rotor  heads  was  excessive.  The  numerous  fittings  required  in¬ 
dividual  attention;  and  with  human  error,  there  was  the  attendant 
possibility  that  certain  fittings  would  be  overlooked  and  not  receive 
lubrication.  Although  grease  lubricated  heads  appeared  more  simple  and  less 
involved  than  oil  lubricated  counterparts,  redesigned  rotor  heads  with  oil 
lubrication  were  incorporated  on  subsequent  aircraft.  This  change  caused 
other  unanticipated  operational  problems  and  changed  the  primary  modes  of 
failure  on  the  rotor  heads. 

Service  experience  with  both  the  main  and  tail  rotor  blades  is  summarized 
in  Table  V,  in  which  the  failures  are  grouped  by  component  rather  than 
mode  of  failure.  The  three  primary  areas  of  rotor  blade  removals  are  due 
to  pocket,  abrasion  strip,  and  tip  cap  assembly  damage. 

Data  on  main  rotor  head  removals  are  given  in  Table  VI  and  show  that  the 
primary  modes  of  failure  were  entirely  different  for  the  two  different 
assemblies.  Although  the  problems  with  the  blade  fold  mechanism  were  cor¬ 
rected  on  the  later  rotor  heads  with  oil  lubrication,  seal  leakage  became 
a  chronic  problem  which  accounted  for  two- thirds  of  all  removals.  Service 
data  on  the  tail  rotor,  given  in  Table  VII,  are  similar  and  show  that 
leakage  accounted  for  6l  percent  of  removals. 

Another  view  of  the  same  failures  is  provided  in  Table  VIII,  in  which  the 
modes  of  failure  for  the  rotor  head  and  for  the  rotor  blades  are  presented. 
It  can  be  seen  that  nearly  two-thirds  of  all  blade  removals  were  caused  by 
erosion,  abrasion,  nonstructural  cracks,  and  bond  separation,  while  oil 
leakage  and  bearing  wear  accounted  for  over  three-quarters  of  rotor  head 
removals.  Removals  due  to  mechanical  malfunctions  such  as  blade  fold  and 
blade  damper  assemblies  represented  a  small  percentage  of  all  failures. 

COMPARISON  OF  ROTOR  SYSTEM  TEST  ADD  SERVICE  KXPSBISI.'CZ 

A  comparison  of  the  preceding  service  history  with  the  failures  experienced 
during  testing  shows  rather  dramatically  the  effects  of  testing.  As  noted, 
most  of  the  testing  on  the  main  rotor  system  was  conducted  on  the  grease 
lubricated  rotor  heads,  and  the  problems  detected  during  those  tests  were 
largely  developmental  in  nature.  The  blade  fold  mechanism  was  debugged 
during  test  and  early  service.  The  major  portion  of  blade  testing  was  con¬ 
cerned  with  fatigue  testing  of  the  spar  to  verify  its  structural  integrity. 
Although  the  initial  rotor  systems  were  grease  lubricated,  the  rotor  sys¬ 
tems  were  changed  to  oil  lubricated  systems  following  initial  service,  and 
a  whirl  test  was  conducted  to  demonstrate  that  the  oil  lubricated  rotor 
heads  were  acceptable  for  service. 
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TABLE  V. 

H-3  FIELD  SERVICE 

ROTOR  BLADE  FAILURE  REMOVAL 

MAIN  ROTOR  BLADE 

Component 

Percent* 

Failure 

Removals 

Mode  of 

Failure 

Percent* 

Fai lure 
Removals 
by  Mode 

Component 

Pockets 

2  6 

Cracks 

8 

Bond  Separation 

13 

Dented 

3 

Others 

O 

i— 

Abrasion  Strips 

25 

Erosion 

19 

Abrasion  Strips 

Bond  Separation 

3 

Others 

3 

Tip  Cap 
Assemblies 

2h 

Cracks  and  Broken 
Spot  Welds 

13 

Tip  Cap 

Assemblies 

Loose/Eroded 
Abrasion  Strip 

6 

Others 

5 

Miscellaneous 

25 

BIM^  Seal  Leak 

10 

Miscellaneous 

Spar  Tip  Cracks 

2 

Corrosion 

3 

Out  of  Track 

3 

Others 

7 

*Total  of 

359 

Removals  = 

**Total  of 

363  Removals  = 

- 
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TABLE  V. 

> - 

H-3  FIELD  SERVICE 

ROTOR  BLADE  FAILURE  REMOVAL 

DATA 

l 

TAIL 

ROTOR  BLADE 

Sent* 

lire 

nrals 

■ode 

Component 

Percent** 
Fai lure 
Removals 

Mode  of 

Fai lure 

Percent#* 

Fai lure 
Removals 
by  Mode 

8 

3 

O 

2 

$ 

Abrasion  Strips 

26 

Erosion 

13 

3 

Bond  Separation 

7 

3 

Others 

6 

1 

13 

6 

Tip  Cap 

Assemblies 

26 

Erosion 

Others 

20 

6 

5 

LO 

Miscellaneous 

L8 

Unbalance  Water 
Entrapment 

11 

2 

Cracked  Skins 

8 

3 

Loose  Trailing  Edge 
Strip 

k 

3 

Lost /Lose  Rubber  Cap 

h 

7 

F.O.D. 

10 

Others 
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TABLE  VI.  H-3  FIELD  SERVICE 

MAIN  ROTCR  HEAD  REMOVAL  DATA 


GREASE 

LUBRICATED 

1 

Component 

Percent 

Failure* 

Removals 

Mode  of 

Fai lure 

Percent  Failure* 
Removals 

By  Mode 

Component 

Percent 
Fai  lure** 
Removals 

Blade  Fold 

k5 

Frozen  Fold  Pin 

25 

Seals 

66 

Scored  Hinge  Bore 

IT 

Others 

3 

Blade  Damper 

19 

Damper  Piston  Wear 

15 

Damper  Trunnion 
Wear 

Others 

Miscellaneous 

36 

Vibrations 

8 

Corrosion 

2 

Bearings 

13 

Sleeve /Spindle 

Wear 

3 

Others 

23 

Miscellaneous 

21 

*Total 

**Total 

of  75  Removals 

of  256  Removals 

- - 

l  \ 

/  ' 

\ 

Preceding  page  blank 
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H-3  FIELD  SERVICE 

MAIN  ROTCR  HEAD  REMOVAL  DATA 


OIL  LUBRICATED 


Percent 

Failure**  Mode  of 


Component 


Removals 


Failure 


Seals  66  Leakage  at  sleeve 

spindle  &  vertical 
hinge  due  to: 
misalignment  wear 
deflection  of  parts 


Bearings 


Miscellaneous 


13  Sleeve/Spindle 

&  swashplate 
bearing  re¬ 
moval  due  to: 
Wear 
Bindings 
Others 

21  Swashplate  Assy. 

Wear 

Vibrations 

Others 


10 

2 

1 


3 

6 

12 


TABLE  VII.  II—  3  FI  El..; 

TAT  L  ROTOR 

SERVICE 

HEAD  REMOVAL  DATA 

GREASE  LUBRICATED 

Percent 

Failure* 

Removals 

Mode  of 

Failure 

Percent 

Fai lure* 

Removals 

Bv  Mode 

Component 

Bearings 

90 

Ratcheting 

20 

Seals 

Rough 

25 

Binding /Dragging 

30 

Worn 

(Sleeve  &  Spindle) 

15 

Miscellaneous 

10 

Seal  wear 

3 

Other 

7 

Bearings 

Miscellaneous 

•Total 

of  102  Removals 

••Total 

of  333  Removals 

...  -  - 

Preceding  page  blank 


H-3  FIELD  SERVICE 

TAIL  ROT  iR  HEAD  Ri'.MOVAL  DATA 


OIL  LUBRICATED 

t 

>« 

Ls 

1 

Component 

Percent 

Fai lure** 
Removals 

Mode  of 

Failure 

Percent 

Fai lure** 
Removals 

Bv  Mode 

Seals 

6l 

Oil  leaking  at 
sleeve/spindle 

&  hub  hinge 
due  to: 

Wear 

LO 

Misalignment 

10 

Deflection  of 

11 

Parts 

Bearings 

25 

Ratcheting 

11 

Rough/Binding 
&  Dragging 
(Sleeve  Sc  Spindle) 

lU 

Miscellaneous 

Ik 

Scored/Worn 

Sleeve/Spindle 

Assembly 

5 

Vibrations 

5 

Other 

1» 

Components 


TABLE  VI Ii.  MODE  OF  FAILURE  DATA, 

_ H--i  ROTOR  SYSTEM  FIELD  SERVICE 

Percentage 
of  Total 

Mode  of  Failure _ Removals 


Main  &  Tail  Rotor  Blades* 

Erosion,  Abrasion  32 

Nonstructural  Skin  Crack.;  20 

Bond  Separation  l6 

W'ter  Entrapment,  Corrosion, 

■i:  r~  rIM  Leakage  7 

'  ..  rs  20 


Main  &  Tail  Rotor  Heads** 

Oil  Leakage 
Worn  Bearings 
Mechanical  Malfunctions 
Others 


50 


28 

6 

16 


*Based  on  total  of  722  removals 
**Based  on  total  of  766  removals 


Service  history  indicated  that  adequate  structural  tests  were  conducted  on 
the  rotor  system  components,  but  adequate  testing  simulating  operating  con¬ 
ditions  was  lacking.  For  example,  only  a  nominal  amount  of  testing  was 
conducted  on  the  nonstructural  components  of  the  main  blade  during  the  H-3 
development  program,  possibly  because  such  testing  was  not  required  or 
specified  to  assure  adequacy  of  the  initial  design.  Testing  simulating 
environmental  conditions  was  very  limited,  and  service  history  depicts  this 
fact.  Failures  during  actual  service  were  nonstructural  in  nature  and  were 
caused  primarily  by  environmental  factors.  As  shown  in  Table  VIII,  the 
primary  modes  of  rotor  blade  failures  were  erosion  and  abrasion,  non¬ 
structural  skin  cracks,  and  bond  separation. 

The  rotor  head  experienced  bearing  problems  in  both  test  and  service,  but 
seal  failures  were  the  primary  mode  of  failure  during  actual  service.  This 
suggests  that  adequate  testing  simulating  actual  service  was  not  conducted 
prior  to  introduction  into  service.  Adequate  testing  would  have  detected 
these  failures  and  allowed  design  modifications  to  be  introduced  before 
extensive  deployment  in  service.  However,  such  development  testing  is  time 
consuming  and  often  cannot  be  done  because  of  unforeseen  development  pro¬ 
blems,  the  need  for  immediate  remedial  action,  and  contractual  requirements. 
As  with  the  main  rotor,  structural  malfunctions  in  the  tail  rotor  system 
were  also  minimal.  The  magnitude  of  bearing  removals  mi,"  it  also  be  reduced 
if  the  seal  failures  are  likewise  reduced,  as  the  bearing  failures  may  be 
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secondary  and  the  result  of  seal  failures. 


EFFECTIVENESS  OF  TESTING 


Transmission  System 

Considering  the  test  program  and  the  types  of  tests  conducted  in  developing 
the  H-3  helicopter,  the  regenerative  or  back-to-back  testing  was  the  most 
effective  in  developing  the  transmission  system  components  in  the  minimum 
amount  of  time.  More  hours  of  testing  and  more  failure  per  hour  of  testing 
are  achieved  in  regenerative  testing.  The  H-3  gearboxes  were  subjected  to 
accelerated  spectrum  loading  that  simulated  an  expected  mission  profile,  and 
this  power  simulation  appeared  to  be  adequate.  The  propulsion  system  test  bed 
should  have  experienced  a  higher  rate  of  test  hours  per  month  than  during 
the  H-3  program,  but  expediency  and  the  availability  of  facilities  dictated 
that  initial  debugging  would  occur  on  that  stand.  However,  interface  pro¬ 
blems  within  the  propulsion  system  (including  engines,  rotors,  and 
transmission  system)  were  resolved  sooner  and  allowed  the  testing  on  the 
tiedown  test  aircraft  to  proceed  more  rapidly  than  would  have  happened  if 
the  tiedown  tests  had  been  conducted  first.  A  measure  of  the  effectiveness 
of  main  gearbox  testing  can  be  obtained  from  Figure  36.  Figure  36  demon¬ 
strates  the  effectiveness  of  development  testing  in  improving  the  component 
(increaseing  the  MTBFl  In  this  figure  the  quantity  of  development  test 
failures  (expressed  as  percentage  of  total  failure  during  the  test)  was  plot¬ 
ted  versus  the  test  duration.  This  curve  was  generated  from  failure  data  ob¬ 
tained  from  all  levels  of  testing,  including  regenerative  bench,  propulsion 
test  bed,  and  tiedown  tests.  These  data  are  tabulated  in  Appendix  III. 

The  slope  of  this  curve  at  any  point  represents  the  instantaneous  failure 
rate  for  the  component  at  that  point.  The  reciprocal  of  the  slope  is  then 
the  instantaneous  MTBF.  It  may  be  observed  that,  after  an  initial  period 
during  which  the  slope  remains  nearly  constant,  the  slope  continuously  de¬ 
creases  with  test  time.  In  other  words,  the  MTBF  continuously  increases. 

This  topic  is  pursued  in  further  detail  in  the  section  under  "EFFECT  OF 
VARYING  LEVELS  OF  RELIABILITY" 

To  provide  better  reliability  definition  prior  to  introduction  into  service, 
a  more  intensive  overall  effort  would  have  been  required.  This  would  have 
included  a  more  careful  assessment  of  the  effects  of  environment  on  design, 
environmental  testing  in  the  test  plan,  careful  failure  analysis,  and  ap¬ 
propriate  corrective  action  where  required  to  meet  the  overall  objectives 
of  the  program.  Service  history  on  the  intermediate  and  tail  gearboxes 
indicates  that  environmental  tests  would  have  been  very  timely  and  cost 
effective  during  the  initial  test  program  to  detect  sealing  problems  before 
service  deployment. 

All  of  the  initial  gearbox  tests  used  entire  gearbox  assemblies,  and  this 
approach  dictated  that  several  interface  requirements  had  to  be  satisfied 
simultaneously  to  allow  continuation  of  a  test.  Another  approach  seems 
more  cost  effective,  in  developing  the  components  in  a  short  period  of  time. 

As  an  example,  consider  the  experience  on  the  H-3  main  gearbox.  As  can  be 
seen  from  the  test  data  presented  irx  Figure  23,  unsuccessful  gearbox  opera¬ 
tion  resulted  from  the  failure  of  relatively  few  parts  involving  four 
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distinct  areas  of  the  gearbox.  A  more  effective  test  approach  might  have 
been  conducted  if  subassemblies  had  been  tested  and  developed  separately 
and  then  combined  in  one  system  test.  If  the  failures  shown  in  Figure  23 
are  regrouped  into  the  associated  subassembly,  the  data  in  Table  IX  is  ob¬ 
tained.  Testing  just  the  first  three  items  in  a  separate  installation  could 
have  been  accomplished,  allowing  components  responsible  for  two-thirds  of 
all  failures  to  be  developed  prior  to  testing  the  entire  gearbox.  Such 
testing  appears  to  be  a  cost-effective  approach  to  system  testing. 


TABLE  IX. 

FAILURES  RELATED  TO 

VARIOUS  SUBASSEMPLIES 

_  — 

Subassembly 

Percentage  of 
Failures 

Planetary 

28.3 

Input  Assembly 

23.9 

Freewheel  Units 

lU.7 

Main  Bevel  Gear  Assembly 

19-0 

Rotor  Shaft  Bearings 

5-5 

Miscellaneous 

8.6 

Rotor  System 

Adequate  simulation  of  environmental  conditions  was  the  dominant  factor 
limiting  the  effectiveness  of  rotor  system  testing.  Many  of  the  statements 
concerning  the  effectiveness  of  transmission  system  testing  are  also  appli¬ 
cable  to  the  rotor  system.  Structural  testing  was  very  effective,  but  the 
environmental  conditions  were  not  adequately  evaluated.  Many  of  these  pro¬ 
blems  could  also  be  eliminated  if  more  subcomponent  testing  was  considered 
and  planned  for  early  in  the  initial  aircraft  program.  Erosion  could  be 
evaluated  in  several  small  test  stands  and  in  a  head  and  shaft  tester  for 
the  entire  rotor  head  assembly.  Adhesives  and  bond  separation  could  be 
evaluated  with  static  shear  and  peel  tests  on  simple  lap  joint  specimens 
to  select  the  most  promising  adhesives.  These  tests  could  be  followed  by 
push-pull  and  start-stop  fatigue  cycling  tests  on  additional  lap  specimens 
to  determine  the  effect  of  stress  reversal.  The  blade  specimens  would  then 
be  fatigue  tested  at  accelerated  conditions  to  determine  the  most  appropri¬ 
ate  adhesive.  Shim  cracks  are  difficult  to  eliminate  since  most  occur  due 
to  improper  handling  and  carelessness.  However,  cracks  in  tip  cap  attach¬ 
ments  can  be  minimized  by  careful  attention  to  design  refinements  and  then 
evaluated  by  fatigue  testing. 

Rotor  head  removal  data  shows  that  a  careful  evaluation  of  the  sealing 
elements  should  be  conducted  before  a  design  is  committed  to  production. 
Then  actual  simulation  of  the  expected  environments,  including  loads  and 
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deflections,  should  be  included  in  the  test  plan  leading  to  rotor  nead 
qualification. 

Specified  operational  objectives  should  be  carefully  delineated  during  the 
design  phase  of  the  program,  thereby  allowing  the  subsequent  test  program 
to  proceed  and  effectively  evaluate  components  that  were  designed  for  the 
same  environment.  Only  in  this  manner  can  these  subcomponent  tests  develop 
and  qualify  the  components  in  an  effective  manner. 

To  illustrate  the  effectiveness  of  development  testing  in  improving  the  H-3 
main  rotor  head,  a  curve  of  development  test  failures  \ersus  test,  duration 
based  on  the  data  of  Appendix  III  was  also  plotted  and  presented  in  Figure 


INVESTIGATION  OF  OTHER  TEST  TECHNIQUES 


The  H-3  program  reviewed  in  the  preceding  pages  used  test  approaches  long 
accepted  in  the  rotary-wing  field,  such  as  fatigue,  whirl,  regenerative, 
and  tiedown  tests.  These  tests  use  standard  test  techniques  as  well,  such 
as  applying  loads  simulating  the  helicopter  environment  or  somewhat  accel¬ 
erated  over  the  normal  operating  values,  operating  for  a  given  number  of 
hours  to  substantiate  a  selected  service  interval,  and  introducing  given 
deflections  in  a  fatigue  test  to  simulate  aircraft  operation. 

During  this  study,  other  test  techniques  have  been  investigated  in  an  at¬ 
tempt  to  determine  possible  alternate  test  approaches.  Early  definition 
and  identification  of  potential  problem  areas  during  testing  rather  than 
during  subsequent  service  would  minimize  lost  time  due  to  component  mal¬ 
function  and,  correspondingly,  reduce  maintenance  costs  drastically  since 
a  fewer  number  of  aircraft  would  be  involved  should  components  in  service 
require  modification.  In  addition  to  providing  for  early  debugging  and 
development  work,  the  ideal  test  program  should  then  demonstrate  the  given 
reliability  objectives.  This  can  best  be  accomplished  by  an  awareness  of 
available  testing  techniques  and  their  potential  applications  in  a  heli¬ 
copter  development  program.  Possible  applicable  test  techniques  have  been 
reviewed  and  are  listed  in  Ta''ie  X. 


TABLE  X. 

TYPE  OF  TESTS  AND  THEIR  APPLICABILITY 

Test 

Applicability 

Design  Select. ion  Tests 

These  tests  use  prototype  hardware  to 
evaluate  design  concepts  and  techni¬ 
ques.  Various  alternative  solutions 
to  a  design  problem  are  fabricated 
during  the  preliminary  design  phase  of 
the  aircraft  program  to  determine  the 
final  design  concept. 

Environmental  Tests 

These  tests  will  expose  components  to 
the  total  anticipated  operating  en¬ 
vironment,  including  salt  spray,  water 
spray,  sand  and  dust,  high  and  low 
temperature,  or  any  combination  of  the 
above.  This  is  of  interest  in  develop¬ 
ment  and  qualification  tests.  The 
first  four  environmental  conditions 
relate  to  structural  tests  in  such 
areas  as  corrosion  and  abrasion 
fatigue,  for  which,  at  present,  no 
Military  specifications,  standard 
stress/cycle  (S/H)  curves  or  pre-  j 

scribed  test  procedures  exist. 
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TABLE  X.  Continue d 


_ Test _ Applicability _ 

These  tests  should  be  considered 
because  of  the  adverse  effects  on  en¬ 
durance  limit.  Fungus  and  high  and 
low  temperature  or  various  combina¬ 
tions  of  the  above  environmental 
conditions  have  a  marked  effect  on 
seal  integrity,  which  is  one  of  the 
major  problem  areas  during  service 
but  is  not  properly  identified  during 
test.  As  such,  environmental  con¬ 
ditions  must  be  considered  and 
simulated  during  qualification  testing. 

Flow  Visualization  Tests  Technique  can  be  used  where  fluid  flow 

is  related  to  a  specific  mode  of 
failure  to  determine  optimum  design 
configi  ration.  Typical  areas  where 
technique  can  be  used  include  design 
of  tip  caps,  anti-ice  and  abrasion 
strips,  rotor  blade  pockets,  dust  flow 
around  rotor  head  and  engine  compart¬ 
ment  and  gearbox  cooling. 

Fractional  Factorial  Tests  This  test  technique  is  applicable  to 

any  test  having  more  than  one  variable, 
.and  is  a  technique  in  a  large  group 
of  statistical  tests.  This  reduces 
the  number  of  test  points  in  an  overall 
test  program  where  several  variables 
interact  with  unknown  effects.  The 
technique  can  be  used  to  find  quanti¬ 
tative  results  and  may  present  a  pos¬ 
sible  answer  to  handling  the  effects 
of  environment  on  service  intervals. 

For  example  ,  conduct  a  test  program 
with  loads,  motions,  and  environ¬ 
mental  conditions  applied  at  the  same 
time  as  opposed  to  separate  tests. 

Model  and  Prototype* 

Structural  Tests 

Model  structural  Tests  These  tests  are  useful  for  comparing 

different  designs,  verifying  stress 
analysis,  etc.  These  tests  are  of 
primary  interest  in  prototype  testing 
although  tiiis  does  present  a  possible 


TABLE  X.  Continued 

Test 

Applicability 

means  of  substantiating  minor 
structural  modifications. 

Holographic  Tests 

This  technique  is  applicable  when 
measurement  of  "field"  of  small  dis¬ 
placements  is  required,  such  as  the 
transmission  housing  deflection  and 
surface  stress  pattern.  In  a  large 
sense  the  technique  lends  itself  to 
the  investigation  of  any  phenomenon 
that  could  produce  "interference" 
properties;  for  example,  vibration 
analysis . 

Photoelastic  Tests 

These  are  useful  for  stress  analysis 
of  early  prototypes  and  in  develop¬ 
ment  phase  testing  where  the  stress 
pattern  is  complex  and  not  easily 
defined.  When  used  in  conjunction 
with  a  strobe,  dynamic  stress  pattern 
may  be  established. 

Subsystem  Tests 

These  tests  are  useful  in  developing 
specific  portions  of  an  assembly  with¬ 
out  the  test  being  affected  or  delayed 
by  unrelated  hardware.  Examples  are 
testing  an  output  planetary  assembly, 
the  high-speed  gearing  assembly,  the 
freewheel  unit,  the  damper  assembly, 
and  the  seal  arrangements  in  separate 
test  facilities. 

System  Tests 

This  testing  is  extremely  useful  dur¬ 
ing  both  development  and  qualification 
testing.  Improved  load  and  motion 
simulation  by  automatically  program¬ 
ming  the  various  loading  conditions 
allows  for  spectral  tests  in  which  all 
expected  operating  conditions  are  con¬ 
sidered.  Entire  systems  can  be 
considered  for  both  development  and 
qualfication  testing,  allowing  for 
realistic  loading  several  interacting 
parts  and  components.  Qualification 
tests  performed  on  total  systems  offer 
several  distinct  advantages,  including: 
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TABLE  X.  Continued 

Test 

Applicability 

System  interactions  are  dupli¬ 
cated.  Fatigue  tests  can  be 
combined  with  service  interval 
substantiation/demonstration. 

System  can  be  tested  in  a  total 
environment. 

The  number  of  component  tests  is 
reduced,  since  the  overall  system 
is  tested  as  an  assembly. 

Certain  tests  may  be  highly  accel¬ 
erated,  causing  "weak-links"  to 
fail  early,  and  thus  allowing 
maximum  time  to  redesign.  Such 
tests  uncover  modes  of  failure. 

Although  the  initial  cost  of  the 
facility  may  be  higher  than  subsystem 
test  stands,  automated  loading  re¬ 
duces  manpower  and  operating  costs. 


"These  tests  involve  a  series  of  related  techniques  useful 
in  uncovering  structural  deficiencies  in  early  designs  at 
relatively  little  costs. 


SUGGESTED  APPLICATIONS  OF  VARIOUS  TEST  TECHNIQUES 

The  preceding  test  techniques  can  be  used  in  a  number  of  different  tests 
during  the  development  and  qualification  programs.  Their  applicability  is 
dependent  only  upon  the  type  of  tests  included  in  the  test  program  and  the 
desired  extent  and  size  of  the  test  program.  Although  several  of  the  fol¬ 
lowing  tests  were  not  conducted  during  the  H-3  program,  they  are  useful  for 
development  and  qualification  testing  and  represent  later  approaches  that 
should  be  considered  for  any  future  development  programs.  These  various 
tests  are  outlined  in  the  following  paragraphs. 

Rotor  Head  and  Shaft  Tests 


Two  facilities  are  required:  one  for  the  main  rotor  and  one  for  the  tail 
rotor.  The  entire  rotor  head  from  the  inboard  portion  of  the  rotor  blade 
to  the  rotating  control  system  can  be  tested  simultaneously.  The  facility 
can  be  automated,  programmed,  and  monitored.  Loads  will  be  independently 
variable,  including  displacement  and  velocity.  Facility  can  include  once 
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per  flight  (ground-air- ground)  loading  and  normal  flight  loads,  including 
stop-start  loading.  Load  will  include  centrifugal  force,  head  moment,  two- 
directional  blade  bending  moment,  thrust,  torque,  control  rod  loads,  damper 
loads,  servo  loads,  scissors  loads,  etc.  Facility  can  also  include  pro¬ 
vision  for  environmental  testing,  including  salt  and  water  spray,  dust  and 
sand,  humidity,  and  temperature.  This  test  can  provide  definitive  relia¬ 
bility  and  structural  answers  in  the  areas  of  rotor  head  structure, 
corrosion,  abrasion  of  seals  and  bearings,  integrity  of  the  sealing  ele¬ 
ments,  and  lubrication  system  problems. 

Abrasion  Strip  Tests 

Water  droplets  and/or  sand  and  dust  particles  will  be  impinged  on  typical 
rotor  blade  abrasion  strip  installations  simulating  expected  serious  con¬ 
ditions.  This  test  will  evaluate  potential  materials  and  configurations 
and  will  detect  excessive  wear  rates,  unbonding  of  the  abrasion  strips,  and 
the  associated  effects  on  the  blade  itself. 

Special  Fatigue  Tests 

Various  rotor  head  parts  will  be  tested  in  a  manner  similar  to  present  com¬ 
ponent  structural  tests  except  that  they  will  be  limited  to  parts  that  did 
not  fail  on  the  head  and  shaft  tester.  These  tests  will  detect  reliability 
problems  in  primary  structural  members. 

Another  group  of  similar  fatigue  tests  will  be  useful  in  evaluating  non- 
structural  rotor  head  components.  As  evidenced  in  the  service  history, 
considerable  removals  are  caused  by  these  items,  and  vibratory  loads  will 
be  applied  to  these  components ,  such  as  tip  caps  and  blade  pockets ,  to  in¬ 
duce  fatigue  failures  and  detect  problems  in  these  areas.  Simulated 
environmental  damage  to  these  same  components  could  also  be  evaluated. 

Mode  of  Failure  Tests 


These  tests  can  utilize  the  entire  assemb]y,  as  an  entire  gearbox  or  rotor 
head,  or  subassemblies  in  appropriate  test  stands.  A  spectrum  of  high 
loads  should  be  applied  to  locate  "weak  links"  in  the  system.  These  ac¬ 
celerated  test  loads  should  be  selected  such  that  the  high  loading  does  not 
produce  different  modes  of  failure  in  the  several  components  involved  than 
would  be  experienced  under  normal  operation.  Careful  choice  of  loading  can 
preclude  the  occurrence  of  such  failures. 

Scale  Model  Fatigue  Tests  of  Structural  Components 

Early  design  trade-offs  csui  be  evaluated  in  a  cost-effective  manner  by  using 
scale  model  hardware,  fabricated  using  the  actual  material,  or  epoxy  for 
photoelastic  testing,  and  testing  in  a  suitable  manner.  Changes  in  the 
design  approach  could  be  made  in  the  program  at  a  much  lower  cost  and  before 
final  design  was  even  completed  by  these  smaller  components.  Fabrication 
of  test  specimens  would  not  have  to  await  receipt  of  the  forgings  or  cast¬ 
ings  required  for  the  prototype  aircraft  hardware;  model  specimens  could 
be  fabricated  from  smaller  size  raw  material. 
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deal  Tests 


These  tests  can  be  conducted  during  early  phases  of  the  design  and  develop¬ 
ment  cycle  to  allow  evaluation  of  various  applications  and  installations 
and  allow  subsequent  changes  in  the  components  should  they  be  warranted. 
Fractional  factorial  test  techniques  should  be  used  to  minimize  the  test 
program,  eliminate  nonessential  test  parameters,  and  yet  survey  potential 
operating  parameters. 

The  test  installations  should  be  adaptable  to  various  sized  seals  and 
operating  conditions.  In  addition  to  environmental  simulation,  the  test 
parameters  should  include  loading,  motions,  and  wear  expected  during  normal 
operation.  Duplicating  the  environmental  conditions  during  operation  may 
involve  use  of  special  environmental  chambers  to  include  the  effects  of 
dust,  sand,  lubricant,  and  moisture.  As  evidenced  by  the  service  history, 
such  testing  is  warranted  on  both  rotor  head  and  transmission  system  com¬ 
ponents  . 

Bearing  Tests 

The  above  comments  on  seal  tests  are  also  applicable  here.  The  bearing 
testers  should  be  versatile  and  permit  testing  bearings  of  various  sizes 
and  configurations. 

Static  Stress  Pattern  Tests 


Housing  deflections  and  stresses  can  be  determined  on  the  first  or  second 
housing  to  ensure  structural  adequacy  or  define  areas  requiring  redesign. 
These  tests  would  augment  the  gear  deflection  tests  and  provide  assurance 
of  the  structural  integrity  of  the  housing. 

Transmission  cub  assembly  Component  Tests 

Isolation  of  the  various  transmission  subassemblies  allows  development  of 
the  individual  components  with  a  minimum  number  of  interfaces.  The  facility 
should  provide  close  simulation  with  the  subsequent  aircraft  installation, 
including  component  attitude,  lubrication,  and  mounting  arrangements.  The 
possible  types  of  subassemblies  that  can  be  tested  in  such  an  installation, 
include  input  gearing,  freewheel  units,  accessory  drive  clutches,  and 
coupling  and  drive  shaft  installations. 
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TEST  PROGRAM  TRADE-OFF  STUDIES 


INTRODUCTION 


In  accordance  with  the  contract  requirements,  trade-off  studies  and  analysis 
of  various  combinations  of  testing  techniques  applicable  to  the  development 
phase  of  a  helicopter  program  were  made. 

Two  trade-offs  were  performed.  The  first  considered  a  concurrent  develop¬ 
ment  and  demonstration  test  schedule  and  compared  this  with  a  schedule  of 
sequential  or  nonconcurrent  development  and  demonstration  testing.  In  the 
concurrent  test  program  all  levels  of  testing  are  initiated  at  about  the 
same  time,  whereas  in  the  sequential  or  nonconcurrent  test  program  the 
various  levels  of  testing  occur  successively.  To  conduct  this  study,  a 
plan  was  selected  from  among  four  that  were  structured  and  reviewed.  The 
plan  was  geared  to  a  500-hour  MTBR  at  a  confidence  level  of  60  percent 
and  is  used  in  the  first  portion  of  the  trade-off  studies  section  in  order 
to  make  it  more  readily  understood.  The  second  trade-off  study  then  takes 
into  account  variations  in  MTBR  and  confidence  levels  starting  at  the 
paragraph  titled  "EFFECT  OF  VARYING  LEVELS  OF  RELIABILITY".  A  general 
description  of  all  four  plans  is  presented  in  Appendix  I. 

The  second  study  provides  a  tool  to  evaluate  the  impact  of  development  and 
demonstration  testing  on  cost  with  varying  levels  of  reliability  and  con¬ 
fidence.  A  family  of  curves  relating  cost  to  program  duration  is  provided. 
These  curves  differentiate  development  testing  from  demonstration  testing 
for  each  of  three  levels  of  reliability  and  three  degrees  of  confidence. 

To  minimize  the  overall  program  costs,  development,  production,  spares,  and 
retrofit,  the  most  effective  means  of  demonstration  testing  of  the  dynamic 
components  is  at  the  system  level  on  ground  tests  prior  to  the  system  going 
into  the  field.  The  very  premise  of  reliability  is  early  detection  and 
correction  of  malfunction.  It  is  recognized  that  the  complete  aircraft  in 
the  field  is  closest  to  operational  use.  However,  it  is  also  recognized 
that  factors  of  time  and  cost  become  prohibitive  once  the  system  is  opera¬ 
tional  in  the  field. 

No  accelerated  loading  is  considered  during  demonstration  in  these  trade¬ 
off  studies  for  two  reasons.  First,  accelerated  loading  has  different 
effects  on  the  various  components,  such  as  gears,  bearings,  and  seals. 
Second,  the  effect  of  accelerated  testing  upon  the  various  test  programs 
being  considered  is  relatively  equal. 

TYPES  OF  TESTS 


Fatigue  Tests 

In  the  following  test  plans,  the  fatigue  tests  of  flight  critical  comp- 
nents  are  treated  in  a  manner  different  from  all  other  tests.  The  critical 
nature  of  these  components  and  their  impact  on  the  safety  of  the  aircraft 
and  its  personnel , and  the  design  requirements  for  fatigue  are  not  specified 
as  an  MTBR  but  as  a  service  life  based  on  conservative  fatigue  allowables 
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which  give  us  a  structural  reliability  order  of  magnitude  greater  than  any 
WfBR  that  is  to  be  considered  in  this  report. 

Fatigue  test  components  are  subjected  to  highly  accelerated  loading  levels 
to  define  the 

Critical  modes  of  fracture,  including  their  detectability  and 
propagation  characteristics. 

Mean  crack  initiation  strengths  well  in  excess  of  aircraft 
operating  load  levels. 

Mean  strength  of  the  material  which  is  then  reduced  by  factors 
of  30  percent  for  steel  and  39  percent  for  aluminum  and  magnesium 
and  used  as  fatigue  working  strengths. 

The  flight  stress  spectrum  is  then  applied  to  this  data  using  an  analysis 
to  calculate  time  to  crack  initiation.  Wherever  practical,  designs  incor¬ 
porate  fail-safe  concepts  via  redundant  load  paths  and/or  crack  detection 
devices.  The  adequacy  of  these  design  provisions  is  verified  during  the 
component  system  fatigue  test. 

System  Tests 


The  system  tests  described  in  these  plans  are  subjected  to  applied  spectra 
of  loads,  powers,  speeds,  and  motion.  The  spectra  are  designed  to  dupli¬ 
cate  the  dynamic  conditions  and  environment  under  which  the  components  will 
function.  For  the  purpose  of  the  time  and  cost  estimates  in  these  compara¬ 
tive  evaluations,  the  demonstration  test  spectra  is  applied  at  levels 
experienced  during  service  and  is  not  accelerated.  Later  on  in  this  report 
the  advantages  of  accelerated  testing  are  discussed. 

Development  and  Demonstration  Testing 

Development  testing  is  conducted  to  debug  the  design.  Redesigns  are  made 
and  modifications  incorporated  to  improve  the  design  help  to  approach 
the  desired  reliability  goal  more  rapidly.  The  type  of  development  +esting 
is  more  important  than  the  duration.  The  development  test  plan  must  be  de¬ 
signed  to  uncover  as  many  failure  modes  as  possible  as  early  as  possible. 

Demonstration  testing  as  presented  in  this  report  is  essentially  synonymous 
with,  but  more  extensive  than,  that  testing  which  had  previously  been  refer 
red  to  as  qualification  testing.  Currently,  helicopter  dynamic  system 
qualification  testing  is  carried  out  in  accordance  with  specifications  such 
as  MIL-T-8679-  This  specification  sets  forth  the  minimum  duration  of  "must, 
pass  testing"  that  must  be  completed  to  qualify  the  components .  Demonstra¬ 
tion  testing  referred  to  in  this  report  is  distinguished  by  the  fact  that 
the  test  is  quantified  by  rigorous  statistical  methods  which  examine  not 
only  the  duration  of  testing  but  the  risk  that  the  population  will  not  be¬ 
have  in  accordance  with  the  samples  tested  as  well.  In  both  qualification 
testing  and  demonstration  testing,  unlike  the  development  testing,  the  de¬ 
sign  is  held  fixed,  and  the  test  is  used  to  prove  that  the  design  will 
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either  peas  or  fail  the  preestablished  goals. 

It  must  be  recognized  that  it  is  essential  to  have  a  fairly  extensive 
development  program  prior  to  demonstration  if  a  meaningful  demonstration 
test  is  to  be  conducted. 

TEST  PLANS 


Initially  four  different  test  plans,  each  of  which  represents  a  slightly 
different  approach  to  the  problem  of  developing  and  qualifying  the  dynamic 
components  of  the  helicopter,  were  considered.  From  these  plans,  detailed 
in  Appendix  I,  evolved  the  basic  test  program  to  be  evaluated  for  demon¬ 
stration  of  the  various  MTBR  and  confidence  levels. 

The  test  plan  selected  for  purposes  of  the  concurrent  and  sequential  trade¬ 
off  is  geared  to  detect  as  many  modes  of  failure  and  developmental  problems 
as  early  as  possible  in  the  program  and  to  demonstrate  an  MTBR  of  500  hours 
at  a  60-percent  confidence  level.  The  demonstration  test  in  this  program 
is  performed  on  a  combination  of  PSTB  (propulsion  system  test  bed)  and  the 
tiedown  aircraft  where  a  total  of  1600  hours  will  be  accomplished  with  two 
failures  per  system  permitted.  The  test  plan  is  presented  in  two  stages. 
Figure  38  presents  the  work  breakdown  structure  of  the  program.  Although 
this  figure  looks  like  the  usual  organization  chart,  it  is  not.  In  this 
figure,  level  has  no  significance.  Each  test  task  in  this  figure  has 
several  other  tasks  to  a  single  test  requirement.  For  example,  in  Figure 
37,  total  system  reliability  demonstration  consists  of  system  development 
and  system  qualification,  while  system  qualification  requires  qualification 
of  systems  A  and  B. 

The  second  presentation  of  the  test  plan,  Figure  39,  shows  the  inter¬ 
dependence  of  the  various  program  events  on  each  other.  Circles  represent 
events  in  time  (usually  the  start  or  end  of  a  phase)  ,  and  the  lines  that 
connect  the  circles  present  the  activity  that  leads  from  one  event  to 
another.  An  event  cannot  occur  until  all  activities  (lines)  leading  to 
that  event  are  complete.  The  charts  are  read  from  left  to  right. 

The  test  program  was  designed  for  both  concurrent  and  noncurrent  or  se¬ 
quential  execution  of  each  test  phase.  The  concurrent  test  plan.  Figure 
1*0,  was  developed  for  a  total  program  duration  to  initial  fleet  delivery 
of  four  years.  In  this  plan  the  component  and  system  development  tests 
are  initiated  at  essentially  the  same  point  in  the  program  schedule  con¬ 
sistent  with  component  availability  and  aircraft  safety  (i.e.,  approximately 
50  hours  on  PSTB  is  completed  prior  to  first  flight,  and  at  least  a  two-to- 
one  ground-to- flight  test  ratio  is  maintained  thereafter). 

In  the  nonconcurrent  or  sequential  test  plan.  Figure  1*1,  system  tests  are 
initiated  only  after  successful  completion  of  some  (approximately  50  hours) 
duration  in  the  component  of  lower  level  system  tests. 

Test  Duration 


The  duration  of  the  individual  tests  of  the  concurrent  and  sequential  test 
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Figure  37-  Typical  Work  Breakdown  Structure. 
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programs  of  Figures  UO  and  4l  are  presented  in  Table  XI.  Included  in  this 
table  are  the  number  of  development  and  demonstration  test  hours  as  well 
as  an  estimate  of  calendar  time  in  months. 

Component  Requirements 

The  component  requirements  to  demonstrate  an  MTBR  of  500  hours  at  a  con¬ 
fidence  level  of  60  percent  for  the  test  plan  described  on  the  previous 
pages  are  shown  in  Table  XI.  The  extent  to  which  this  MTBR  can  be  pre¬ 
dicted  by  individual  fuilure  mode  is  shown  in  Table  XVII  in  Appendix  I. 

Program  Costs 

The  relative  costs  of  the  concurrent  and  sequential  test  plans  of  Figures 
UO  and  1*1  are  shown  in  Figure  42.  It  should  be  noted  that  two  gearbox 
regenerative  bench  test  facilities  will  be  needed  for  the  concurrent  pro¬ 
gram  (Figure  1*0)  to  accomplish  the  required  amount  of  development  work 
within  the  program  schedule  and  prior  to  initiating  the  demonstration  test 
phase.  The  program  costs  presented  are  based  on  data  accumulated  during 
the  H-3  program  as  described  by  Figure  17.  These  costs,  which  have  been 
adjusted  to  1971  values  and  presented  for  each  type  of  test  in  Table  XII, 
are  approximate.  The  costs  of  Figure  1*2  are  based  on  the  following: 

1.  Aircraft  gross  weight  is  in  the  15 ,000-to-20 ,000-pound  range. 

2.  Aircraft  dynamic  component  design  costs  are  not  included. 

3.  Main  and  tail  rotor  whirl  stands  are  available  at  contractor's 
facility. 

The  relation  between  test  hours  and  test  costs  in  dollars  per  hour  is 
shown  in  Figures  1*3  and  1*1*.  Two  typical  types  of  tests,  main  rotor  whirl 
and  gearbox  regenerative  testing,  are  shown.  The  cost  per  hour  of  testing 
decreases  with  test  duration. 

PROGRAM  FLEXIBILITY 


Consider  the  probability  of  detecting  a  new  mode  of  failure  in  a  given  test 
plan  as  a  function  of  elapsed  time.  Initially,  during  development  test  the 
probability  is  high.  With  each  passing  day  the  probability  decreases,  be¬ 
ing  substantially  lower  during  qualification  or  demonstration  testing  and 
ideally  being  very  low  during  field  usage  of  the  machines.  Experience  has 
shown,  however,  that  where  the  test  environment  represents  only  a  partial 
approximation  of  the  true  operating  environment,  the  probability  of  de¬ 
tecting  new  modes  of  failure  during  deployment  in  the  field  is 
substantially  increased.  If  the  original  testing  fully  duplicates  service 
environments,  the  probability  of  detecting  failures  will  increase  in  the 
development  phase  and  increase  in  the  field  usage  phase.  This  is  shown 
pictorially  in  a  hypothetical  plot  of  probability  of  detecting  a  mode  of 
failure  versus  elapsed  time  (Figure  45). 

Now  consider  the  cost  of  implementing  a  change  in  a  given  machine  as  a 
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TABLE  XI 

.  TEST  DURATION 
500- HOUR.  60- 

COMPONENT  REQUIREMENTS 
PERCENT  CONFIDENCE  TEST  PLA1 

Test  Duration 

No.  of 
Month* 

Total 

Hours 

Development 

Hours 

Demonstration 

Hours 

Quantity 

Design  Selection 

9-10 

A/R 

A/R 

N/A 

A/R 

Fatigue 

Experimental  Stress  Analysis 

20 

A/R 

A/R 

N/A 

A/R 

Structural  Component  Test 

20 

2000 

2000 

N/A 

4-6 

Main  Rotor  Hub  and  Shaft 

18 

2500 

2500 

N/A 

2 

Tail  Rotor  Hub  and  Shaft 

2500 

2500 

N/A 

2 


Transmission 

Bearing  and  Seal 

6 

500 

500 

0 

A/R 

Special  Component  Bench  Test 

8 

1000 

1000 

0 

No-Load  Lube 

1 

50 

50 

0 

Gear  Development 

1 

50 

50 

0 

Mode  of  Failure 

6 

700 

700 

0 

2 

Regenerative  Bench  Test 

6 

1200 

1200 

0 

2 

Rotor 

Main  Rotor  Whirl  Test 

5 

50 

N/A 

N/A 

1 

Tail  Rotor  Whirl  Test 

4 

50 

N/A 

N/A 

1 

Aircraft  System 

Power  System  Test  Bed 

14 

1000 

400 

6oo 

2 

Tiedown 

12 

1000 

0 

1000 

*See  Figures  40  and  4l 


TABLE  XII, 

TEST  COSTS 

1  - 

Test^ 

Average  Hours /Month 

Development  Demonstration 

Facility 

Costs ^ 

Unit  C 

Development 

Main  Rotor  Head  and  Shaft 
Tail  Rotor  Head  and  Shaft 


Rotor  Structural  Components 

(2) 


(7) 


Main  Rotor  Whirl  Tests 


Tail  Rotor  Whirl  Tests 


(2) 


Gear  Endurance  Regenerative 
Bench  Test 


Gearbox  Mode  of  Failure 
Regenerative  Bench  Test 


Propulsion  System  Test  Bed 
Tiedown  Test^ 

Flight  Test ^ 


lUO 

200 

$280,000 

$60,000  per 

lUo 

200 

$120,000 

$30,000  per 

N/A 

N/A 

$650,000 

$  5,000  per 

10 

N/A 

$170,000 

$  1*00  per 

12 

N/A 

$120,000 

$  300  per 

100 

N/A 

$800,000 

$  200  per 

50 

N/A 

_(3) 

$  500  per 

50 

100 

$700,000 

$  1,U00  per 

50 

100 

$200,000 

18 

N/A 

N/A 

$10,000  per 

(1)  All  costs  are  approximate  and  are  based  on  1971  dollars.  These  are  planning  figures  onl$ 
quotation  purposes. 


(2)  Facility  already  exists.  Costs  are  only  for  setup  (including  adaptation  of  test  componer 


(3)  The  mode  of  failure  testing,  no-load  lubrication,  gear  development,  and  endurance  all  usi 
regenerative  bench  test  facility. 


(It)  Excludes  cost  of  components  to  be  tested. 


(5)  Design  selection  tests,  experimental  stress  analysis,  and  bearing  and  seal  tests  are  usui 
programs  and  have  comparatively  little  effect  on  overall  dynamic  component  reliability  & 
and  have  not  been  included  in  these  data. 


(6)  Aircraft  for  the  Tiedown  Test  and  Flight  Test  are  bailed  aircraft,  and  engines  for  the  Pi 
GFAE  equipment;  their  costs  are  not  included  in  these  data. 


(7)  The  design  requirements  for  fatigue  are  not  specified  as  an  MTBR  but  as  a  service  life  bi 
allowables  which  give  us  a  structure  reliability  order  of  magnitude  greater  than  any  MTB1 
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TABLE  XII. 

TEST  COSTS 

n  - - -  ■ 

ferage  Hours /Month 

Facility 

Unit  Cost  of  Test 

(1)  (1+) 

jpment 

Demonstration 

Costs ^ 

Development 

Demonstration 

r 

200 

$280,000 

$60,000  per  specimen 

$1+5,000  per  specimen 

K> 

200 

$120,000 

$30,000  per  specimen 

$22,000  per  specimen 

!A 

N/A 

$650,000 

$  5,000  per  test  hour 

- 

LO 

N/A 

$170,000 

$  U00  per  test  hour 

- 

L2 

N/A 

$120,000 

$  300  per  test  hour 

- 

>0 

N/A 

$800,000 

$  200  per  test  hour 

- 

JO 

N/A 

J3) 

$  500  per  test  hour 

- 

JO 

100 

$700,000 

$  1,1+00  per  test  hour 

$700  per  test  hour 

JO 

100 

$200,000 

$800  per  test  hour 

L8 

N/A 

N/A 

$10,000  per  test  hour 

i 

are  based  on  1971  dollars.  These  are  planning  figures  only  and  are  not  be  be  used  for 

bs  are  only  for  setup  (including  adaptation  of  test  component)  and  instrumentation. 

10-load  lubrication,  gear  development,  and  endurance  all  use  the  same  ($800,000) 

Lty . 

9  be  tested. 

Imental  stress  analysis,  and  bearing  and  seal  tests  are  usually  selective  small  test 
iy  little  effect  on  overall  dynamic  component  reliability  development  program  costs, 
these  data. 

and  Flight  Test  are  bailed  aircraft,  and  engines  for  the  Power  System  Test  Bed  are 
re  not  included  in  these  data. 

latigue  are  not  specified  as  an  MTBR  but  as  a  service  life  based  on  conservative  fatigue 
tructure  reliability  order  of  magnitude  greater  than  any  MTBR  considered  in  this  report. 
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Figure  38.  Plan  1,  Selected  Test  Program. 
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one(s)  for  the  adjacent  block(s)  tying  into  it. 
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Figure  39-  Plan  1,  Selected  Test  Program  Flow  Chart. 
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Figure  UO.  Concurrent  Test  Schedule. 


CUMULATIVE  COST*  -  (DOLLAR 


*Includes  cost  of  specimens 

**The  total  cost  of  the  nonconcurrent  (sequential)  plan  is  slightly 
greater  than  the  concurrent  plan.  The  total  cost  of  a  test  plan 
could  vary  by  10  percent. 

Includes  120  flight  hours  of  development  prior  to  demonstration. 


Figure  k2.  Cumulative  Costs  Versus  Time  at  500-Hour 
MTBR  at  6 0  Percent  Confidence  Level. 


PROBABILITY  OF  DETECTING  A  MODE  OF  FAILURE 


”1 


TIME 


Figure  45.  Effect  of  Environmental  Duplication  on  the  Probability 
of  Detecting  New  Modes  of  Failure. 
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function  of  elapsed  time.  While  the  actual  numbers  are  not  easily  re- 
treived  (due  to  the  complexity  of  many  degrees  of  freedom  in  this  problem)  , 
the  shape  of  the  curve  may  be  established  from  several  components  which  are 
understood.  These  are  design  costs,  test  costs,  tooling  costs,  costs  of 
spares  (or  salvage),  and  costs  of  ECP's. 

When  nonrecoverable  costs  of  these  operations  are  plotted  versus  time,  as 
shown  in  Figure  46,  and  added,  the  sum  represents  the  shape  of  the  curve 
of  cost  to  incorporate  a  change  versus  time.  When  the  hypothetical  plot 
of  probability  of  detecting  a  mode  of  failure  is  multiplied  by  the  cost  to 
make  the  change  (i.e.  ,  the  cost  of  a  change  by  the  probability  that  a  change 
will  be  needed),  a  function  proportional  to  the  risk*  (in  dollars)  versus 
elapsed  time  is  generated.  This  is  shown  pictorially  in  Figure  47. 

Note  that  the  risk  curve  is  not  an  indication  of  how  much  money  will  be 
spent  with  time  or  that  a  program  with  poor  service  environment  duplication 
will  definitely  cost  more  money.  The  curve  only  gives  an  indication  of  how 
much  money  the  customer  should  be  prepared  to  spend  on  an  aircraft  whose 
testing  has  not  adequately  duplicated  service  environment.  The  above  argu¬ 
ment  is  also  the  same  for  time,  since  the  time  required  to  implement  a 
change  on  a  machine  versus  elapsed  time  in  a  program  is  of  the  same  general 
shape  as  the  cost  curve.  Thus,  the  risk  in  terms  of  downtime  is  the  same 
as  that  of  risk  in  dollars.  The  probability  curve  shape  may  also  be 
changed  by  conducting  early  prototype  or  model  tests  to  uncover  gross  mode 
of  failure,  with  the  corresponding  effect  as  plotted  in  Figure  48. 

This  approach  obviously  has  beneficial  effects  from  a  risk  standpoint. 
Shortening  the  time  to  delivery  does  not  change  the  curve  of  probability 
of  discovering  a  new  mode  of  failure,  but  it  does  change  the  ost  of  in¬ 
corporating  a  change  in  the  system.  In  short,  earlier  delivery  dates 
result  in  higher  costs  to  change  earlier  in  the  program.  Therefore,  the 
risk  (in  dollars)  increases  for  earlier  delivery  dates. 

Consider  a  certain  population  of  machines  that  were  put  into  service.  Bar¬ 
ring  the  possibility  of  design  changes  and  changes  in  operating  conditions 
or  logistic  difficulties,  the  machines  will  eventually  evidence  a  downtime 
inversely  proportional  to  the  KTBR  and  this  will  be  a  statistical  function, 
as  portrayed  in  Figure  49. 

The  MTBF  is  determined  by  the  operating  conditions  and  basic  design,  among 
other  factors,  and  not  by  test.  Testing  merely  provides  an  estimate  of 
the  value  of  MTBF  for  a  given  design.  If  the  estimate  looks  bad,  then  the 
part  must  be  redesigned.  Intuitively  then,  if  a  design  does  not  meet  its 
requirements,  it  would  be  preferable  to  know  about  this  as  early  as  pos¬ 
sible  so  that  redesign  may  be  undertaken. 

Testing  of  complex  systems  generally  involves  large  amounts  of  time  and 
money.  Thus,  the  factors  in  this  trade-off  may  be  considered  under  one  of 
three  major  divisions  as  listed  in  Table  XIII. 

*This  is  not  the  same  as  the  usual  use  of  the  word  (i.e.,  the  risk  of 
accepting  bad  equipment. 
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Figure  1*6.  Change  Costs  as  the  Sum  of  Related  Costs. 


COST  TO  FIX  PROBABILITY 


PERCENTAGE  OF  POPULATION  PROBABILITY 


Figure  48.  Effect  of  Prototype  Development  on  Probability 
of  Detecting  a  Mode  of  Failure 


Figure  49.  Statistical  Nature  of  the  Value  of  MTBR. 
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!  TABLE  XIII. 

TRADE-OFF  STUDY  FACTORS  i 

i  —  -  l 

Prime 

Consideration 

Trade-Off  Factor 

Cost  Cost  and  number  of  components  needed 

Time  Schedule 

Critical  path 

MTBR  Extent  of  problem  definition  and 

quantification  of  reliability  values 

Reasoning  behind  acceptance  and  re¬ 
jection  criteria 

Compatibility  with  program  criteria 

Degree  of  program  flexibility 

Interrelationship  of  tests  and 
reliability  predictions  and  costs. 


The  interrelation  of  three  major  divisions  (and  the  effect  of  each  factor 
upon  them)  is  shown  in  a  semigraphical  way  in  Figure  50.  As  noted  in 
Figure  50,  there  is  some  unknown  value  of  MTBF  for  a  given  machine  which 
is  statistical  in  nature.  This  is  a  function  of  the  design  and  operating 
conditions  and  is  independent  of  either  test  dollars  or  time.  As  such,  it 
constitutes  a  ceiling. 

Consider  a  hypothetical  test  plan  which  adequately  duplicates  the  service 
environment.  This  plan  will  converge  on  a  true  estimate  of  MTBF  as  time 
increases,  as  shown  in  Figure  51,  but,  if  more  money  is  spent  (dollars^J^ 
dollars  )  for  multiple  test  or  tests  which  duplicate  more  interactions 
with  related  systems,  the  estimate  will  take  less  calendar  time  to  be 
adequately  defined. 

A  similar  relationship  exists  (for  a  given  plan)  between  MTBF  and  cost,  as 
shown  in  Figure  52.  In  addition,  time  and  cost  spent  in  testing  to  obtain 
a  certain  estimate  of  MTBF  are  related,  as  shown  in  Figure  53. 

From  Figure  53,  several  facts  are  evident: 

1.  Below  a  minimum  time  (time^)  the  test  cannot  be  conducted  re¬ 
gardless  of  how  much  money  is  spent. 

2.  Below  a  minimum  cost  (dollars^)  the  test  cannot  be  conducted. 

3.  There  is  an  optimum  test  time  (time^)  from  a  cost  standpoint 
(dollars^)  when  costs  are  at  a  minimum. 

H.  When  calendar  time  for  a  test  exceeds  time^,  costs  will  increase 
while  the  data  obtained  will  be  less  meaningful. 
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It  should  be  noted  to  avoid  confusion  that  the  test  costs  represented  in 
Figure  h6  are  the  cumulative  cost  of  test  versus  time  into  the  test  pro¬ 
gram,  whereas  in  Figure  53  cost  is  the  total  allowed  dollars  (i.e.,  cost 
allowed  for  test)  to  be  expended  in  testing  versus  the  time  which  is  al¬ 
lowed  for  conducting  the  test. 


Taken  together.  Figures  51»  52,  and  53  define  possible,  practical  cost¬ 
time  paths  in  a  given  program  along  which  an  estimate  of  the  true  MTRF  of 
the  population  may  be  approached.  The  two  extremes  are  the  crash  program, 
where  time  is  of  the  essence,  and  the  minimum  cost  program.  The  curve 
shape  so  depicted  may  be  altered  by  changing  the  nature  of  the  test  pro¬ 
gram.  Programs  are  desirable  when  they  approach  an  estimate  of  MTBR  in 
less  money.  This  is  obtained  chiefly  by  model,  prototype,  and  early  mode 
of  failure  testing.  The  cost  figures  already  discussed  indicate  that  lo¬ 
cating  an  optimum  within  a  given  program  by  a  1-year  variation  in  allowable 
time  is  not  possible  due  to  the  tolerances  of  the  estimate.  However,  dif¬ 
ferences  in  test  program  so  affect  the  curve  shape  that  the  greatest  saving 
is  obtained  by  selecting  the  optimum  program  first  and  then  optimizing  that 
program. 


Figure  5**  depicts  a  hypothetical  curve  of  program  cost  versus  time  allowed. 
Due  to  the  tolerances  of  the  estimates  ( 10  percent),  it  is  not  possible  to 
establish  the  exact  nature  of  these  curves.  Differences  between  the  se¬ 
lected  test  plan  1  and  the  others  presented  in  Appendix  I  are  of  such 
magnitude  (U  percent)  as  to  permit  the  determination  of  the  best  of  several 
plans . 

EFFECT  OF  VARYING  LEVELS  OF  RELIABILITY 


Demonstration  and  Development  Requirements 

Component  development  and  reliability  demonstration  programs  are  inter¬ 
related  with  the  stringency  of  the  reliability  requirement.  The  higher 
the  reliability  requirement  and  the  confidence  in  obtaining  that  require¬ 
ment,  the  longer  and  more  costly  the  overall  development  and  demonstration 
test  program  becomes.  The  second  trade-off  study  on  the  following  pages 
establishes  the  relationships  between  the  of fectivensss  (MTBR  and  confi¬ 
dence  level)  cost  and  test  duration  through  examination  of  the  following 
factors : 


1.  The  approach  to  be  used  to  demonstrate  each  of  the 
various  reliability  requirements. 

2.  The  extent  of  the  development  program  required  to  establish 
the  necessary  reliability  to  enter  the  demonstration  program. 

3.  The  cost  and  duration  of  the  development  and  demonstration  tests. 
Demonstration  Test  Program 

The  purpose  of  reliability  demonstration  tests  is  to  reasonably  ascertain 
the  minimum  level  of  reliability  (MTBR  and  confidence  of  achieving  that 
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Concurrent 


Nonconcurrent 


TIME  ALLOWED  (YEARS) 


Figure  5L.  Variation  in  Coot/Time  Relationships 
Between  Plans. 


MTBR)  that  a  new  helicopter's  dynamic  components  will  achieve  upon  entry 
into  service.  The  trade-off  study  of  the  following  pages  examines  three 
levels  of  tfi’BR,  500,  1000,  and  1500  hours,  at  confidence  levels  of  30  per¬ 
cent,  60  percent,  and  90  percent.  The  programs  of  this  study  have  been 
developed  from  the  basic  500-hour  60-percent  confidence  level  program  of 
Figures  Uo  and  Ul. 

In  any  of  the  following  programs  several  factors  impact  on  the  level  of 
MTBR  to  be  demonstrated.  Among  these  factors  are  component  learning  curves, 
component  developed  MTBF,  environmental  and  loading  conditions,  and  compo¬ 
nent  TBO's. 

Component  Learning  Curves 

All  dynamic  components  have  a  learning  curve  during  which  the  MTBF 
increases.  The  period  of  time  necessary  for  the  component  to  reach 
a  mature  MTBF  is  dependent  upon  the  amount  of  development  or  debugging 
tests,  redesign,  and  redevelopment  effort.  In  the  trade-off  study  out¬ 
lined  in  the  following  sections,  the  development  testing  preceding  the 
demonstration  phase  provides,  in  the  opinion  of  the  authors,  adequate 
debugging  to  allow  the  components  to  achieve  a  sufficiently  mature  MTBF 
for  the  MTBR  demonstration  level  desired. 

Component  Developed  MTBF 

To  minimize  the  risk  of  not  passing  the  demonstration  test,  the  heli¬ 
copter  contractor  must  enter  the  demonstration  with  a  component  whose 
true  MTBF  is  well  above  the  MTBR  to  be  demonstrated.  The  margin  of 
true  MTBF  to  MTBR  to  be  demonstrated  varies  with  the  risk  that  the 
helicopter  contractor  (and  ultimately  the  customer)  is  willing  to 
assume  and  the  duration  of  the  demonstration  program.  The  greater  the 
margin  desired,  the  greater  the  development  requirement  for  the  compo¬ 
nent  . 

Environment  and  Loading 

Test  environment  and  loading  must  reasonably  agree  with  those  to  be 
experienced  in  service,  or  a  relationship  between  test  and  service  con¬ 
ditions  must  be  established  if  the  comparison  between  demonstrated 
MTBR  and  projection  of  service  MTBR  is  to  be  meaningful.  Also  it  is 
recognized  that  accelerated  testing  could  and  should  be  considered  as 
a  means  of  reducing  cost  and  duration  of  the  test  program.  This  topic 
is  discussed  later.  However,  for  the  purpose  of  this  trade-off,  it  is 
taken  that  the  demonstration  test  environment  and  loads  are  the  same 
as  in  service  and  no  accelerated  loading  is  considered  since  it  would 
have  relatively  equal  effect  upon  the  various  test  programs  being  con¬ 
sidered  . 

Component  TBO 

The  time-between-overhaul ,  TBO,  as  established  by  the  user  has  a  major 
effect  on  actual  MTBR.  Actually  the  component  MTBR  is  a  combination 


of  the  component's  TBO  and  MTBF.  Assuming  a  mature  population  (all 
components  have  passed  through  several  overhaul  intervals)  and  a  con¬ 
stant  failure  rate  between  overhauls  (which  has  been  proven  true  in 
most  cases).  Figure  55 »  obtained  from  Equation  (l),  provides  this  re¬ 
lationship. 


MTBR  =  MTBF 


e 


TBO 

MTBF 


(1) 


As  may  be  seen,  imposing  a  TBO  drastically  increases  the  MTBF  required 
for  a  particular  MTBR.  For  example,  for  on-condition  overhauls,  a 
1000-hour  MTBF  =  a  1000-hour  MTBR,  but  if  a  2000-hour  TBO  is  imposed 
a  1000-hour  MTBR  requires  a  1250-hour  MTBF.  The  2000-hour  TBO  as¬ 
sumed  is  considered  to  be  the  average  state-of-the-art  level  and  is 
used  through  the  following  trade-offs.  Examination  of  Equation  (l) 
indicates  that  a  high  TBO,  well  above  the  MTBR  to  be  demonstrated,  is 
required.  Appendix  II  discusses  the  establishment  of  high  TBO's.  In 
addition,  it  introduces  an  analytical  tool  known  as  the  Failure  Rate 
Analysis  Program  (FRAP)  which  allows  the  establishment  of  economi¬ 
cally  sound  high  TBO's.  Further,  it  demonstrates  the  use  of  FRAP  in 
the  analysis  of  four  major  H-3  dynamic  components. 

With  the  foregoing  considerations  taken  into  account*  Figure  56  was  devel¬ 
oped.  It  shows  the  relationship  between  the  duration  of  demonstration 
testing  and  the  number  of  permissible  failures  of  the  component  in  question 
for  each  level  of  component  reliability  and  confidence.  The  demonstration 
test  hours  shown  in  Figure  56  are  the  total  accumulated  hours  on  all  com¬ 
ponent  samples  tested  durir.g  reliability  demonstration  tests.  From  this 
figure  and  Table  XII  outlining  average  test  costs,  the  program  manager  can 
plan  a  demonstration  test  program. 

Development  Test  Program 

The  purpose  of  the  development  program  is  to  achieve  a  level  of  component 
MTBF  which  will  allow  a  maximum  confidence  of  passing  the  demonstration 
test.  As  was  discussed  previously,  the  required  margin  between  component 
true  MTBF  and  the  MTBF  associated  with  the  MTBR  to  be  demonstrated  varies 
with  demonstration  duration.  For  any  given  level  of  reliability  to  be 
demonstrated,  the  greater  the  duration  of  demonstration  testing,  the  lower 
the  required  or  developed  MTBF,  hence,  the  less  the  development  test 
requirements.  The  following  data,  presented  in  graphical  form  in  Figures 
57  through  6l  and  used  in  conjunction  with  Figure  56,  substantiate  this 
fact. 

The  experience  with  the  H-3  helicopter  of  the  15,000-pound  gross  weight 
range  is  discussed  earlier  in  this  report.  The  ability  to  "grow"  the  MTBF 
through  development  testing  is  presented  in  the  section  "EFFECTIVENESS  OF 
TESTING"  with  the  aid  of  Figure  36. 

The  main  gearbox  and  the  main  rotor  head  curves  of  Figure  36  provide 
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the  basic  data  from  which  working  curves  representative  of  helicopter  dy¬ 
namic  components  can  be  constructed.  These  curves,  in  turn,  can  be  used 
as  a  tool  in  test  program  cost/duration  studies.  Figure  57  was  developed 
from  the  data  of  Figure  36.  This  data  establishes  the  shape  of  the  curve 
of  development  test  hours  versus  required  component  mean  time  between  fail¬ 
ure  in  hours  as  presented  in  Figure  60.  Guidelines  used  to  accomplish  this 
relationship  are  described  below.  Observation  of  the  main  gearbox  and  the 
main  rotor  head  test  curves  in  Figure  36  shows  that  they  are  basically  the 
same  shape.  Within  the  accuracy  needed  for  preliminary  program  pi  ruining, 
the  lower  curve  was  selected  to  estimate  overall  costs  of  dynamic  component 
development  tests.  The  curve  selected  eliminates  unnecessary  repetitive 
detail  in  estimating  costs  and  if  anything  is  more  realistic,  since  in  the 
past  inadequate  estimates  of  test  costs  have  been  made. 

Hie  slopes  of  the  curves  in  Figure  36  provide  failure  rates,  and  in  turn 
their  reciprocal  values  yield  the  anticipated  mean  time  between  failures  of 
dynamic  components.  Thus,  at  increments  of  development  testing  applicable 
to  each  dynamic  component  an  instananeous  MTBF  can  be  established.  Each 
of  these  MTBF's  is  calculated  in  terms  of  percentage  of  increase  relative 
to  the  initial  instananeous  MTBF  at  zero  test  hours  as  a  base.  The  plot  of 
percentage  of  increase  in  MTBF  versus  test  duration  is  presented  as  Figure 
57- 


As  may  be  seen,  the  first  3000  hours  of  development  testing  produces  only 
small  increases  in  MTBF  over  and  above  the  of f-the-board  component  MTBF  but 
is  required  to  debug  the  equipment  and  make  it  operational.  From  3000  hours 
on  the  percentage  of  increase  in  dynamic  component  MTBF  is,  from  past  test 
experience,  nearly  linear  with  test  duration. 

If  it  were  desired,  a  separate  growth  curve  for  each  of  the  various  types 
of  testing  can  be  developed.  These  curves  are  shown  in  Figure  58.  They 
reflect  the  relative  operating  hours  per  failure  as  stated  in  Table  II. 

The  primary  reason  for  component  tests  requiring  fewer  hours  than  system 
tests  is  the  capability  of  the  component  test  rig  to  accelerate  loads  and 
produce  failures  in  shorter  periods  of  time. 

Using  the  basic  linear  growth  shape  developed  above  and  shown  in  Figure  57, 
a  growth  curve  for  any  given  component  can  be  determined  if  the  off-the- 
board  component  MTBF  is  known.  For  the  purpose  of  this  study,  the  values 
which  follow  are  taken  as  currently  achievable  off-the-board  MTBF.  As  noted 
before,  with  new  or  redesigned  components  approximately  3000  hours  of  devel¬ 
opment  testing  are  required  to  debug  the  component  before  it  could  become 
operational.  Main  gearbox,  1500  hours  MTBF:  main  rotor  head  and  tail  rotor 
head,  1000  hours  MTBF;  and  intermediate  and  tail  gearboxes,  5000  hours  MTBF. 
These  values  have  been  demonstrated  on  current  designs  with  previous  test 
and  service  experience.  From  these  initial  values  and  the  linear  behavior 
of  Figure  57,  the  curves  of  Figure  59  can  be  established.  Then  taking  these 
component  curves  and  weighting  them  by  test  cost,  a  composite  curve  which 
can  be  used  for  estimating  the  necessary  development  test  hours  for  major 
helicopter  dynamic  components  to  obtain  any  desired  component  development 
MTBF  can  be  established.  This  relationship  is  shown  in  Figure  60.  In  gen¬ 
erating  this  curve,  a  reasonable  extrapolation  was  made  beyond  the  currently 
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available  data  of  Figure  36.  It  reflects  a  life  acceleration  factor  of  2. 

In  the  upper  region  of  the  curve  it  is  felt  that  the  effectiveness  begins 
to  diminish  with  increased  testing.  This  is  true  since  the  development 
testing  discloses  the  modes  of  failure  and  redesigns,  in  turn,  are  made  for 
correction  of  these  failures;  more  and  more  testing  is  required  to  not  only 
disclose  newer  modes  of  failure,  but  also  to  establish  that  the  fixes  are 
effective. 


Figure  6l,  drawn  for  10  percent  producers  risk,  relates  test  duration  and 
expected  quantity  of  failure  to  a  true  level  of  MTBF.  The  curve  may  be 
entered  with  the  demonstration  test  parameters  determined  from  Figure  56. 
Figure  6l  also  relates  the  true  level  of  MTBF  (MTBF  out  of  development)  to 
the  required  development  test  hours,  using  the  relations  shown  in  Figure  60. 

Cost  and  Duration  of  Program 

Having  selected  a  demonstration  program  to  prove  the  required  level  of  re¬ 
liability  and  a  development  program  to  achieve  a  sufficiently  high  level 
of  reliability  to  minimize  risk,  cost  and  test  duration  can  now  be  deter¬ 
mined. 

The  types  of  tests  to  be  conducted  (such  as  regenerative  bench  tests,  pro¬ 
pulsion  system  test  bed,  tiedown  aircraft,  rotor  head  and  shaft  test,  rotor 
head  whirl  stand)  and  their  respective  cost  are  presented  previously.  Con¬ 
sidering  time  and  facility  limitations,  optimum  quantity  of  test  specimens 
and  concurrent  versus  sequential  testing  considerations  can  be  studied. 

The  following  limitations  were  assumed  for  this  trade-off: 

1.  Total  program  time  frame  was  5  years. 

2.  The  number  of  required  development  test  hours  as  determined 
from  Figure  60. 

3.  The  number  of  development  test  hours  attainable  on  test 
facilities  is  as  presented  in  Table  XII. 

b.  The  number  of  required  demonstration  hours  is  as  determined 
from  Figure  56. 

5.  The  number  of  demonstration  test  hours  attainable  on  a  tiedown 
aircraft  facility  is  100,  as  presented  in  Table  XII. 

Within  the  above  limitations,  each  of  the  nine  levels  of  reliability  was 
studied  (three  MTBR's  each  at  three  levels  of  confidence).  For  each 
level,  demonstration  program  was  selected;  an  appropriate  development 
program  was  selected;  test  facility  and  test  specimen  requirements  were 
determined;  and  cost  and  calendar  time  was  determined. 

The  findings  are  presented  graphically  in  Figures  62,  63,  and  6U .  These 
cost  versus  time  curves  do  not  include  flight  test,  since  it  is  proposed 


that  the  development  and  demonstration  will  be  conducted  during  the  ground 
test  phase.  In  these  plans,  flight  testing  will  be  used  primarily  for 
performance  work  and  only  as  a  supplement  to  development  effort. 

To  determine  the  total  cost  of  the  programs,  approximately  $1,500,000  of 
flight  testing  can  be  added  to  the  curves  of  Figures  62,  63,  and  6h. 

Effects  of  Acceleration 


As  discussed  previously,  it  was  assumed  for  the  purpose  of  the  trade-off 
study  that  the  demonstration  test  loads  were  the  same  as  in  service.  How¬ 
ever,  it  is  recognized  that  major  savings  can  result  in  the  cost  and 
duration  of  development  and  demonstration  testing  with  the  introduction  of 
load/life  acceleration  factors.  Accelerated  testing  can  uncover  more  fail¬ 
ure  modes  and  establish  design  changes  and  demonstration  power/environmental 
influenced  reliability  factors  in  considerably  less  time.  If  a  straight 
one-to-one  load/environment  spectrum  is  employed,  the  development  and/or 
demonstration  time  is  greatly  increased  over  the  accelerated  approach. 

However,  the  adjusted  calculations  used  to  convert  actual  to  equivalent 
test  times  must  be  based  upon  whatever  data  bank  is  available  from  similar 
components  and  engineering  Judgment.  An  additional  risk  is  included  in 
accelerated  testing  in  that  this  data  bank  must  accurately  reflect  the  new 
design  practices. 

The  load  acceleration  factors  used  in  the  various  tests  should  maintain  the 
resulting  deflections  and  stresses  within  practical  limits  and  not  cause 
unrealistic  modes  of  failures  in  the  components.  For  normal  endurance  test 
programs,  the  power  should  be  no  more  than  110  to  120  percent  of  the  maximum 
torque  rating  of  the  gearbox.  Speeds  should  be  limited  to  110  percent  of 
maximum  values ,  and  thrust  loading  to  120  percent  of  the  maximum  anticipated 
loading.  For  high  torque  development  tests  (mode  of  failure),  the  acceler¬ 
ation  factors  can  be  increased  up  to  lhO  percent  for  both  thrust  and  torque 
and  110  percent  for  speed. 

For  example,  if  a  main  gearbox  were  to  be  demonstrated  using  a  load  accel¬ 
eration  factor  greater  than  one,  more  gear  and  bearing  failures  would  be 
expected  than  if  one-to-one  spectrum  loading  were  used.  But  other  failures 
(such  as  seal  leakages)  may  be  unrelated  to  the  accelerated  loads.  Failure 
rates  for  this  type  of  component  can  be  projected  based  on  past  gearbox 
(or  rotor  head)  service  history,  and  a  total  anticipated  failure  rate  for 
accelerated  testing  can  then  be  established  from  these  and  the  accelerated 
test  results  by  analysis. 

Considering  these  facts,  it  is  recognized  that  accelerated  testing  is  most 
effective  during  the  initial  phases  of  development  testing.  In  this  stage 
of  the  test  program,  the  major  goal  is  the  uncovering  of  the  weak  links 
and  major  failure  modes  (principally  those  associated  with  structural 
reliability).  The  relationship  between  accelerated  and  unaccelerated  de¬ 
velopment  test  hours  is  given  in  the  curves  of  Figure  65.  The  curves  of 
Figure  65  are  based  on  the  accepted  life/load  relationship  for  various  dy¬ 
namic  components.  The  acceleration  factors,  for  the  life/load  relationship 
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for  bearings  are  as  established  by  the  bearing  industry;  for  gears,  as 
established  in  the  American  Gear  Manufacturers  Association  Standard  Pro¬ 
cedure,  411.02  for  Aircraft  Engine,  Power  Take-off  Spur,  and  Helical  Gears, 
and  in  the  Gleason  Bevel  and  Hypc.i  Gear  Design  Manual;  and  for  other  struc¬ 
tural  components,  as  presented  in  the  design  procedures  manuals  of  the 
aircraft  industry.  These  relationships  demonstrate  that  raising  the  mean 
(or  prorated)  load  used  in  development  testing  should  accelerate  the  time- 
to- failure  of  the  components  in  the  ratio  shown.  For  example,  bearings 
operated  at  mean  (or  prorated)  loads  50  percent  higher  than  those  experi¬ 
enced  in  service  should  have  their  life  reduced  by  a  factor  of  **. 

Accelerated  or  overload  testing  should  be  employed  in  the  initial  develop¬ 
ment  tests  of  a  major  program  to  reduce  development  test  time.  The 
"RECOMMENDED  TEST  PLAN"  includes  an  accelerated  test  approach  in  both  the 
development  and  demonstration  test  phases. 
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Figure  55.  MTBR  Versus  MTBF  for  Constant  TBO's 
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Figure  62.  Cost  Versus  Time  At  500-Hour  MTBR. 
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Figure  63.  Cost  Versus  Time  At  1000-Hour  MTBR. 
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Figure  6b.  Cost  Versus  Time  At  1500-Hour  MTBR. 


Figure  65-  Load/Life  Relationship. 


SAMPLE  TEST  PROGRAM 


INTRODUCTION 


The  following  paragraphs  outline  a  sample  reliability  test  program  for  the 
development  phase  of  the  helicopter.  This  program  shows  the  relationship 
between  all  components,  subsystem  and  system  tests  to  demonstrate  an  MTBR 
for  all  rotors  and  transmission  systems  of  500  hours  at  a  confidence  level 
of  60  percent.  Sixteen  hundred  hours  of  demonstration  testing  is  required 
as  shown  in  Figure  5 6  of  the  trade-off  studies  section  and  the  plan  out¬ 
lined  in  Figure  66.  This  1600  hours,  which  will  be  conducted  on  the  PSTB 
and  tiedown  aircraft  tests,  permits  a  total  of  two  failures  in  each  system. 
In  this  sample  program,  an  additional  300  hours  of  tiedown  development  test¬ 
ing  is  included  over  the  testing  outlined  in  the  trade-off  studies.  This 
plan  is  essentially  the  sequential  test  plan  selected  for  the  trade-off 
studies  of  the  previous  section.  This  program  may  be  somewhat  idealized 
and  may  require  "tailoring"  to  suit  the  requirements  of  a  particular  heli¬ 
copter  program.  It  will,  however,  provide  a  guide  for  establishing 
development  and  demonstration  requirements  for  transmission  and  rotor 
systems  for  future  U.S.  Army  helicopters  as  well  as  provide  adequate 
demonstration  of  proposed  modifications  to  current  aircraft.  The  cost 
curves  for  this  plan  can  be  constructed  from  the  average  number  of  test 
hours  per  month  in  Table  XI,  the  average  cost  data  in  Table  XII,  and  the 
test  plan  schedule.  Figure  66. 

PROTOTYPE  AND  DESIGN  SELECTION  TESTS 


Description  of  Test  Setup 

Prototype  and  design  selection  tests  include  the  following: 

(1)  Experimental  Stress  Analyses.  These  tests  are  used  to  verify 
stress  analyses,  to  optimize  structural  design,  or  are  used  where 
the  component  complexity  may  not  lend  itself  to  theoretical 
analysis.  The  approach  is  to  make  a  photoelastic  plastic  or 
metal  model  or  a  full-scale  prototype  of  the  part  and  subject  it 
to  a  loading  condition  indicative  of  the  expected  service.  From 
this,  stress  patterns  of  alternate  designs  may  be  obtained  and 
compared  to  select  the  best  structural  design. 

(2)  Model  Fatigue  Tests.  These  tests  have  the  same  purpose  as  photo¬ 
elastic  testing  with  two  exceptions:  the  loading  is  dynamic,  and 
some  environmental  conditions  may  be  introduced.  The  actual  test 
setup  would  vary,  depending  upon  what  part  was  being  tested,  but 
since  primarily  flight-critical  rotor  head  parts  would  be  tested, 
most  test  setups  would  resemble  the  present  approaches  used  on 
rotor  head  component  structural  tests  in  a  scaled-down  version. 

(3)  Design  Selection  Tests.  These  tests  could  include  such  typical 
tests  as  abrasion  strip  tests,  bond  separation  tests  on  blade 
pockets,  and  nonstructural  aerodynamic  surface  fatigue  tests. 
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Figure  66.  Sample  Test  Plan  Schedule. 
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Acceptance  and  Rejection  Criteria 


In  the  three  cases  described,  the  tests  will  select  the  best  of  several 
possible  designs  and  indicate  different  possible  structural  modes  of  failure. 
As  such,  there  are  no  absolute  rejection  criteria  for  specimens  at  this 
early  stage. 

BEARING  AND  SEAL  TESTS 


Description  of  Tests 

Seals  will  be  tested  under  environmental  conditions  and  subjected  to  simu¬ 
lated  wear  and  angular  displacements  of  mating  parts.  Bearings  will  be 
tested  under  similar  conditions,  including  sand,  dust,  corrosives,  and  lack 
of  lubrication.  Bearings  will  be  loaded  and  supported  in  a  fashion  similar 
to  that  experienced  in  service.  Motion  will  be  reciprocating,  rotating,  or 
axial  as  required  by  the  particular  application.  The  facility  will  be 
capable  of  testing  prototype  and  production  seals  and  bearings. 

Acceptance  and  Rejection  Criteria 

In  the  case  of  seals,  the  criteria  are  based  on  measured  leakage  and  time 
to  deteriorate  to  unacceptable  levels  of  leakage.  In  the  case  of  bearings, 
the  criteria  are  based  on  time  required  to  cause  a  bearing  failure  where 
failure  is  defined  by  the  presence  of  spalling,  fatigue  cracks,  and  pitting. 

TRANSMISSION  SPECIAL  COMPONENT  BENCH  TESTS 


A  typical  arrangement  for  this  test  would  consist  of  a  regenerative  loop 
in  which  the  particular  transmission  subassembly  is  loaded.  Both  operating 
speed  and  load  will  be  accelerated  during  portions  of  the  test  to  reduce 
test  time,  reduce  cost,  and  detect  modes  of  failure  early  in  the  develop¬ 
ment  program.  Typical  subassemblies  that  might  be  considered  for  such 
testing  include  planetary  gearing,  high-speed  input  gearing,  and  freewheel 
units. 

Acceptance  and  Rejection  Criteria 

Since  this  is  a  development  test,  it  will  be  terminated  when  sufficient 
contractor  confidence  exists  that  the  MTBF  of  the  subassembly  is  sufficient 
to  meet  the  objectives  of  the  development  program. 

TRANSMISSION  SYSTEM  TESTS 


These  tests  are  outlined  in  the  following  paragraphs  and  include  no-load 
lubrication  tests,  regenerative  mode  of  failure  tests,  gear  pattern  de¬ 
velopment,  and  regenerative  endurance  bench  tests. 

No-load  Lubrication  Test 


In  this  test,  the  gearbox  is  run  at  various  speeds  up  to  120  percent  of 
normal  operating  speed  at  the  various  attitudes  expected  during  service  to 
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establish  that  the  lubrication  system  functions  properly,  to  determine  full 
and  refill  levels  in  the  reservoir,  and  to  determine  the  power  losses  of  the 
gear  train. 

Acceptance  and  Rejection  Criteria 

The  transmission  must  run  without  overheating  and  no  evidence  of  churning 
should  exist. 

Gear  Pattern  Development,  Full- Load  Efficiency  Tests 

In  this  test,  the  gearbox  is  run  at  3/4  and  full  torque  at  100  percent  speed 
to  check  the  contact  on  the  various  gear  meshes.  The  gearbox  is  then  cov¬ 
ered  with  a  thermal  insulating  blanket,  and  the  full  load  efficiency  is 
determined  by  measuring  the  temperature  and  oil  flow  through  a  heat  ex¬ 
changer. 

Acceptance  and  Rejection  Criteria 

Special  coating  applied  to  the  gear  teeth  will  display,  after  run  up,  uniform 
tooth  loading  without  evidence  of  local  load  concentrations  in  accordance 
with  accepted  gear  standards . 

Regenerative  Mode  of  Failure  Tests 

The  transmissions  in  these  tests  are  run  as  part  of  a  closed  regenerative 
loop.  Often  the  inputs  of  two  main  transmissions  are  coupled  together  as 
are  the  output  shafts  in  other  closed  loops.  These  circuits  are  completed 
by  using  large  commercial  gearboxes  in  combination  with  modified  aircraft 
gearboxes  as  shown  in  Figure  67.  The  gear  train  is  loaded  by  introducing 
torque  into  the  regenerative  loop  and  then  is  brought  up  to  speed.  Thrust 
loads  and  sometimes  head  moments  are  introduced  into  the  main  rotor  shaft 
loop.  Torque,  thrust,  and  rotational  speed  are  often  accelerated  over 
normal  values  for  portions  of  the  test.  The  preload  or  locked-in  torque, 
together  with  speed  of  rotation,  indicates  that  power  and  the  torque  values 
are  varied  to  produce  a  spectrum  of  loading  more  severe  than  the  antici¬ 
pated  flight  loading.  For  this  particular  test,  a  life  acceleration  factor 
of  4  to  b . 5  would  be  used.  Such  accelerated  testing  is  designed  to  detect 
weaknesses  in  the  transmission  system  in  a  relatively  short  period  of  time, 
providing  a  maximum  amount  of  time  to  redesign  the  weak  links  thus  dis¬ 
covered.  When  contractor  confidence  in  the  transmission  is  sufficient,  the 
next  phase  of  testing  is  started.  These  techniques  also  apply  to  the 
intermediate  and  tail  rotor  gearboxes  used  in  the  transmission  system. 


Acceptance  and  Rejection  Criteria 

Since  this  is  a  development  test,  it  is  terminated  when  sufficient  confi¬ 
dence  exists  that  the  MTBF  of  the  transmission  is  sufficient  to  meet  the 
program  requirements. 
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Regenerative  Endurance  Bench  Tests 


The  tests  use  the  same  facility  as  the  previous  tests  except  that  the  ac¬ 
celeration  factors  are  reduced  to  2.0  or  thereabouts. 

Acceptance  and  Rejection  Criteria 

The  gearbox  functions  properly  in  all  respects  and  has  accumulated  suffici¬ 
ent  time  at  the  accelerated  powers  with  two  or  less  failures  so  that  when 
test  time  is  converted  to  equivalent  aircraft  time  (i.e.,  test  hours  times 
life  acceleration  factor),  an  MTBR  is  demonstrated  that  meets  the  program 
requirements . 

ROTOR  AMD  CONTROLS  STRUCTURAL  COMPONENT  TESTS 


The  purpose  of  these  tests  is  to  demonstrate  safety  of  components.  These 
test  setups  vary  depending  upon  application,  but  all  setups  consist  of  five 
basic  parts:  a  test  article  suitably  instrumented,  a  loading  device  or 
machine,  a  support  fixture  to  hold  the  test  article  while  being  subjected 
to  load,  a  measurement  system  usually  for  load  or  stress  and  cycles,  and 
a  failure  warning  system  to  allow  for  post  crack  detection  and  testing. 
Between  one  and  three  components  are  usually  tested  in  one  test  setup  under 
highly  accelerated  single  or  multiple  level  testing.  Many  specimens  are 
tested  for  each  setup  during  subsequent  tests.  Tests  indicate  not  only  the 
structural  reliability  of  the  part,  which  is  several  orders  of  magnitude 
higher  than  the  requirements  of  the  test  of  the  program,  out  the  different 
modes  of  failure  to  be  expected  for  a  given  component.  The  tests  are 
usually  used  to  demonstrate  the  safe-life  or  fail-safe  nature  of  the  com¬ 
ponent  from  the  standpoint  of  long  crack  initiation  time,  long  crack 
propagation  time,  adequacy  of  failure  detection  systems,  and  verification 
of  multiple  load  paths.  Typical  test  installations  are  shown  in  Figures 
68,  69,  and  TO. 

Acceptance  and  Rejection  Criteria 

The  test  data  is  used  to  generate  mean  S/N  curves  for  the  component.  By 
applying  strength  reduction  factors  to  the  mean  curves,  working  stress 
levels  are  obtained;  and  based  upon  flight  spectrum  loads,  the  tests 
demonstrate  that  the  part  has  the  required  reliability. 

Head  and  Shaft  Tests 


The  facility  will  test  the  entire  rotor  head,  including  the  inboard  portion 
of  the  blade,  the  rotating  con  *ol  system,  and  the  transmission  output 
shaft.  Loads  and  motions  will  .  present  flight  conditions  and  will  be  in¬ 
dependently  variable  and  programable.  In  addition,  service  environmental 
conditions  will  be  applied,  including  salt  water  spray,  dust,  sand,  water 
spray,  humidity,  and  temperature.  While  loads  and  motions  will  be  accel¬ 
erated  depending  on  test,  environmental  conditions  will  be  accelerated  as 
applicable.  The  tests  will  consist  of  mode  of  failure  and  endurance  test¬ 
ing  described  below,  conducted  on  a  test  stand  similar  to  that  shown  in 
Figure  71. 
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Figure  69-  Structural  Reliability  Fatigue  Laboratory. 
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Figure  71.  H-3  Main  Rotor  Head  and  Shaft  Fatigue  Test  Facility. 


Mode  of  Failure  Tests 


These  are  structural  tests  in  which  the  loads  and  motion  are  highly  accel¬ 
erated  in  order  to  uncover  the  weak  links  in  the  rotor  head  in  a  short  time 
interval.  Failure  modes  and  extent  of  observed  wear  provide  data  to  esti¬ 
mate  reliabilities  of  fatigue  strength,  bearings,  seals,  etc.  If  the  esti¬ 
mates  indicate  that  the  required  reliability  may  not  be  advanced,  the  part 
is  redesigned  and  retested.  At  the  completion  of  these  tests  ,  there  is  a 
high  degree  of  confidence  that  the  rotor  head  will  be  free  of  major  problems 
when  subjected  to  endurance  tests  to  demonstrate  the  required  MTBR  and 
structural  reliability  under  simulated  environments. 

Rotor  Head  MTBR  and  Structural  Substantiation  Endurance  Test 


These  tests  are  conducted  to  demonstrate  an  acceptable  rotor  head  MTBR  and 
provide  final  structural  substantiation  under  total  environmental  conditions. 
In  order  to  achieve  both  objectives  simultaneously,  the  rotor  head  will  be 
subjected  to  a  combination  of  accelerated  loads,  motions,  and  speed  under 
simulated  environments.  Acceleration  levels  will  be  substantially  lower 
than  those  used  for  mode-of- failure  testing,  yet  high  enouth  to  verify 
structural  reliability  when  appropriate  strength  reduction  factors  are 
applied.  Required  test  time  is  shortened  by  both  load  and  speed  accelera¬ 
tion  factors.  An  example  of  using  mode-of-failure  testing  prior  to  these 
tests  is  shown  in  Figure  72.  The  rotor  head  is  subjected  to  a  load  accel¬ 
eration  of  approximately  2.5  times  maximum  flight  load  for  mode  of  failure 
Test  1.  Early  failures  show  that  the  working  strength  intersects  the  flight 
loads.  Redesign  was  made,  and  Test  2  indicates  that  working  strength  does 
not  intersect  flight  loads.  The  rotor  is  then  subjected  to  endurance  test¬ 
ing  at  load  levels  significantly  lower  than  the  mode  of  failure  test,  but 
high  enough  such  that  if  failure  occurs  the  working  strength  will  not  inter¬ 
sect  flight  loads. 

Acceptance  and  Rejection  Criteria 

Use  test  data  to  generate  mean  S/N  curves  for  the  component.  Apply  strength 
reduction  factors  to  the  mean  curves  to  obtain  working  stress  levels,  and 
with  flight  spectrum  loads,  demonstrate  that  the  part  has  the  required 
reliability.  In  addition,  the  entire  rotor  head  must  have  functioned  for 
a  sufficient  time  under  environmental  conditions  simulating  service  to 
demonstrate  the  required  MTBR. 

MAIN  ROTOR  AND  TAIL  ROTOR  WHIRL  TESTS 


Description  of  Tests 

The  setup  consists  of  a  complete  rotor  head  and  controls  which  are  rotated 
at  normal  operating  speeds  on  a  whirl  tower,  such  as  is  shown  in  Figure  73. 
The  tests  which  are  performed  include  stresses  induced  in  the  rotor  head 
and  blades  by  various  motions  (coning  and  flapping),  natural  frequency 
determination,  and  aerodynamic  performance  tests. 


LOAD 


Mean  Strength  Mode  of  Failure  Test  1 


Working  Strength  Mode  of  Failure  Test  1  - _ 


Mean  Strength  Mode  of  Failure  Test  2 


Working  Strength  Mode  of  Failure  Test  2 


•Mode  of  Failure  Test  Load 


Maximum  Flight  Load 


CYCLES 

Figure  72.  Effect  of  Mode  of  Failure  Tests  on  Development. 


Figure  73.  8000-Horsepower  Main  Rotor  Whirl  Stand 


Acceptance  and  Rejection  Criteria 


In  each  case,  the  rotor  head  must  be  structurally  sound,  having  no  insta¬ 
bilities  and  no  resonances  near  aircraft  operating  frequencies;  must  have 
stresses  of  low  magnitude;  and  must  perform  in  accordance  with  aerodynamic 
design  objectives. 

PROPULSION  SYSTEM  TEST  BED 


Description  of  Test 

The  purposes  of  this  test  are  to  determine  the  mechanical  compatibility  of 
the  engines,  transmission,  rotor  and  control  systems;  to  endurance  test 
major  dynamic  components;  and  to  investigate  performance  and  operating 
characteristics.  This  facility  consists  of  a  steel-frame  supporting 
structure  on  which  is  mounted  an  entire  aircraft  power  train  (including  all 
controls  and  blades)  in  exactly  the  same  positions  as  a  production  aircraft. 
The  power  train  is  operated  from  a  remote  control  room.  A  typical  propul¬ 
sion  system  test  bed  is  shown  in  Figure  7b. 

Acceptance  and  Rejection  Criteria 

The  entire  system  must  meet  the  performance  requirements  and  be  free  of 
system  interaction  problems  that  would  impair  the  overall  operation  and 
reliability  of  the  components.  The  system  must  evidence  an  MTBF  commen¬ 
surate  with  that  demonstrated  for  the  major  subsystems. 

TIEDOWN  TEST 


Description  of  Test 

The  tiedown  test  uses  the  first  complete  aircraft  system  produced  and  pro¬ 
vides  the  closest  step  to  actual  flight  testing.  This  test  provides  for 
subsystem  integration  of  not  only  the  power  train  components  but,  in  addi¬ 
tion,  the  airframe,  electrical,  communication ,  and  all  utility  systems. 
These  are  all  interfaced  in  the  real  airframe  environment.  The  aircraft 
is  operated  dynamically  while  it  is  literally  tied  down  to  the  ground  pad 
with  restraining  cables.  The  crew  on  board  manipulates  all  those  systems 
which  can  be  operated  with  the  aircraft  on  the  ground,  putting  the  aircraft 
through  a  prescribed  operating  spectrum.  Data  are  ..  asured  in  the  aircraft 
room  where  the  test  is  being  monitored.  The  test  evaluates  compatibility 
of  the  subsystems,  investigates  performance  and  operating  characteristics, 
and  endurance  tests  major  dynamic  components.  A  major  advantage  of  the 
tiedown  test  is  that  it  permits  relegation  of  problem  areas  detected  on 
flight  test  articles  to  a  lower  level  of  testing.  A  typical  tiedown  test 
facility  is  shown  in  Figure  75. 

Acceptance  and  Rejection  Criteria 

The  aircraft  system  must  meet  the  performance  requirements  and  be  free  of 
system  interaction  problems  that  would  impair  the  overall  operation  and 
reliability  of  the  components.  The  system  must  evidence  an  MTBF 
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Figure  75.  H-3  Tiedown  Aircraft. 


commensurate  with  that  for  all  the  major  subsystems  in  the  tiedown  aircraft. 


FLIGHT  TEST 


The  helicopter  flight  test  program  should  be  designed  to  complete  the  con¬ 
tractors  and  contractual  aircraft  handling  qualities,  performance,  and 
structural  buildup  programs  in  a  minimum  number  of  flight  hours  and  in  the 
shortest  possible  calendar  time.  In  addition  to  the  necessary  survey  test 
flights  to  determine  stress  and  vibration  levels,  etc.,  training  and  clas¬ 
sical  procedures  of  flying  at  incremental  changes  in  airspeed,  and  the 
effects  of  various  centers  of  gravity,  a  portion  of  the  flight  test  pro¬ 
gram  should  be  devoted  to  flying  simulated  missions.  Data  obtained  from 
these  tests  can  be  used  to  verify  the  design  mission  spectrum  and  to 
verify  the  operation  and  maintainability  of  the  dynamic  and  airframe  com¬ 
ponents  under  conditions  approaching  actual  service  operation. 

SUMMARY 


Various  types  and  combinations  of  tests  are  included  in  the  sample  test 
program  to  adequately  develop  the  dynamic  systems  in  a  timely  manner.  To 
summarize  the  combined  test  program,  Table  XV  lists  the  effect  of  the 
various  tests  upon  the  overall  program  costs  and  the  associated  components 
that  are  required  to  conduct  the  sample  test  program.  The  foregoing  sample 
reliability  test  program  is  primarily  applicable  to  a  single  main  rotor/ 
single  tail  rotor  configuration  helicopter  with  typical  design  parameters 
as  listed  in  Table  XIV. 


TABLE  XIV.  AIRCRAFT  DESIGN  PARAMETERS 


Item _ Value 

Gross  Weight,  pounds  15,000 

Main  Rotor  Diameter,  feet  60 

Tail  Rotor  Diameter,  feet  10 

Engine  Horsepower  2,500 

Number  of  Main  Rotor  Blades  4 

Number  of  Tail  Rotor  Blades  4 

Transmission  System 

Main  Gearbox  1 

Intermediate  Gearbox  1 

Tail  Gearbox  1 


TABLE  XV.  SUMMARY  OF  SAMPLE  T1 


Test  1 

Hours 

Model 

Production 
or  Prototype 

Main 

Develop¬ 

ment 

Demon¬ 

stration 

Sub- 

assemblies 

Sub¬ 

assemblies 

Rotor 

Heads 

Component  Test 

Design  Selection  Test 

Transmission  System 

A/R 

0 

10 

3 

1 

Bearing  and  Seal  Test 

A/R 

0 

Special  Component  Test 

A/R 

0 

8 

No-load  Lubrication  Test 

50 

0 

Gear  Development  Test 

50 

0 

Regenerative  Bench 

Test/Mode  of  Failure 

700 

0 

Regenerative  Bench 

Test /Endurance 

1200 

0 

Rotor  System 

Bearing  and  Seal  Test 

A/R 

0 

Rotor  and  Controls  System 
Structural  Component  Test 

N/A 

0 

14-6 

Head  and  Shaft  Test/Mode 
of  Failure 

1000 

0 

1 

Head  and  Shaft 

Test /Endurance 

1500 

0 

1 

Main  Rotor  Whirl  Test 

50 

0 

1 

Tail  Rotor  Whirl  Test 

50 

0 

Aircraft  Tests 

Propulsion  System  Test  Bed 

Uoo 

600 

2 

Tiedown  Test 

300 

1000 

i 

Flight  Test 

500/A/C 

N/A 

A/R 

Note:  (l)  Plus  2  Dumny  or  Slave  Gearboxes. 
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Production 


or  Prototype 

Main 

Tail 

Main 

Tail 

Sub- 

Rotor 

Rotor 

Rotor 

Rotor 

assemblies 

Heads 

Heads 

Blades 

Blades 

3 

1 

1 

U 

k 

8 


k-6 


b-6 


1  1 


1 


1 


1 


1* 


1 


k 


2  2 

1  1 

A/R  A/R 


Seals  Bearings 


Complete 

Transmissions  Aircraft 


2 

1 

A/R 


1 

A/R 


RECOMMENDED  TEST  PLAN 


INTRODUCTION 


The  following  presents  a  recommended  development  and  demonstration  test 
program  for  helicopter  transmission  and  .  otor  systems  components.  The  test 
program  is  designed  to  provide  for  adequate  development  of  the  dynamic  com¬ 
ponents  as  well  as  to  demonstrate  that  the  design  requirements  (derived  from 
the  aircraft  mission  requirements)  for  safety,  reliability,  and  maintain¬ 
ability  have  been  met.  This  program  is  considered  to  be  the  minimum  program 
necessary  for  current  helicopter  dynamic  component  development.  It  demon¬ 
strates  with  accelerated  testing  an  MTBR  of  1000  hours  at  60  percent 
confidence  for  a  component  if  two  or  less  failures  are  exhibited. 

DISCUSSION 


To  achieve  a  high  degree  of  component  reliability,  the  program  must  include 
provisions  for  making  expeditious  modifications  to  the  test  components  as 
well  as  the  initial  production  units  (if  production  must  be  concurrent  with 
prototype  development  -  as  it  so  often  is).  The  ability  to  make  modifica¬ 
tions  early  in  the  program  without  lengthy  evaluation  and  approval  cycles 
(such  is  common  with  many  of  the  current  engineering  change  proposal  pro¬ 
cedures)  is  as  important  to  the  overall  goal  -  improved  helicopter  dynamic 
component  reliability  -  as  a  properly  designed  and  executed  test  program. 

The  early  phases  of  transmission  development  testing  should  be  directed 
toward  uncovering  the  major  modes  of  failure  and  demonstrating  that  the 
failures/malfunctions  are  noncatastrophic  and  fail-safe  and  can  be  detected 
by  the  inspection  and  detection  techniques  to  be  used  in  service.  This 
objective  can  be  best  accomplished  by  "overstress"  bench  tests  on  the 
initial  transmission,  running  the  gearboxes  at  the  upper  level  of  their  pro¬ 
posed  operating  spectrum  (i.e.,  takeofff  rating  or  slightly  above).  It 
should  be  recognized  that  some  portion  of  this  test  should  be  conducted  at 
lower  power  levels  to  check  lubrication  and  vibration,  as  well  as  to  avoid 
scuffing  and  scoring  of  helical  and  bevel  gearing.  The  operation  of  the 
gearboxes  at  powers  well  in  excess  of  the  normal  operating  schedule  can 
produce  results  that  are  not  meaningful.  The  load  acceleration  used  in 
development  (and  endurance)  tests  should  be  kept  within  practical  limits, 
acceleration  of  power,  speed,  thrust,  and  load  are  approximately  as  follows: 


Power  110  percent  to  120  percent  of  takeoff  or  maximum 

rating 

Speed  110  percent  of  maximum  speed 

Thrust,  Load  120  percent  of  maximum  anticipated  conditions 

The  operation  of  components  at  loads  beyond  these  limits  may  produce  exces¬ 
sive  deflections.  These  components,  therefore,  may  be  operating  beyond  the 
point  where  the  anticipated  life-load  relationships  apply. 
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To  demonstrate  a  component  requirement  of  1000-hour  MTl'R  at,  bO-percent 
confidence  requires  1*000  hours  cf  demonstration  testing  and  no  morn  than 
two  failures,  as  established  with  Figure  56.  A  correspond!  ng  1)000  hours 
of  development  testing  are  required  to  debug  the  component  and  to  establish 
a  sufficiently  adequate  MTBF  to  reasonably  assure  that  the  demonstration 
goal  is  obtainable.  The  use  of  several  mode-of-f ai lure  test  runs  and  a 
development  test  where  the  loads  are  accelerated  will  result  in  a  reduction 
of  the  number  of  development  test  hours  and  the  calendar  time.  The  accel¬ 
eration  of  loads  suggested  is  that  level  to  produce  a  life  acceleration 
factor  of  four  (using  the  cumulative  damage  approach)  over  the  aircraft 
mission  requirements  on  a  prorated  basis.  This  approach  will  effectively 
reduce  the  number  of  development  test  hours,  in  the  author's  opinion,  to 
about  half  of  that  necessary  to  achieve  the  came  MTBF  by  unaccelerated 
testing.  A  similar  approach  can  be  taken  during  the  demonstration  test 
phase. 

The  test  plan  of  Figure  76  was  designed  using  this  accelerated  approach. 
Transmission  Bench  Test 

A  minimum  of  two  test  gearboxes  should  be  subjected  to  the  bench  tests 
generally  described  in  the  following  paragraphs.  A  test  time  accumulation 
of  50  hours  on  one  gearbox  should  be  completed  prior  to  start  of  a  Pro¬ 
pulsion  System  Test  (or  tiedown  test). 

1.  A  200-hour  overstress  development  test  with  75  oercent  of  the 
test  time  being  at  takeoff  power  or  equivalent,  15  percent  of 
the  time  at  110  percent  of  takeoff  power,  and  the  remaining  10 
percent  at  normal  cruise  power.  All  other  test  time  at  powers 
required  for  cooling,  etc.,  between  takeoff  or  better  power  in¬ 
crements  should  not  be  credited  toward  the  total  200  hours. 

The  test  objective  is  to  determine  the  modes  of  failure,  the  de¬ 
tectability  of  failures,  and  the  extent  of  fail-safe  features. 

In  addition,  the  program  should  be  used  for  the  incorporation 
and  evaluation  of  fixes  and  in  general  to  "debug"  the  trans¬ 
mission.  The  requirement  is  not  to  "pass"  this  test  but  to 
evaluate  the  design  and  compare  its  performance  to  the  design 
requirements . 

2.  Upon  completion  of  the  initial  200-hour  overstress  development 
test  (or  major  malfunction  of  the  test  box),  another  200-hour 
overstress  bench  test  should  be  conducted  on  a  second  gearbox 
which  incorporates  all  modifications  suggested  by  the  initial 
test.  (The  fabrication  of  "fixes"  and  improved  items  should  be 
initiated  while  the  first  test  program  is  in  progress.) 

The  test  spectrum  for  the  second  gearbox  test  should  be  essen¬ 
tially  the  same  as  the  initial  test. 

•The  power  levels  indicated  for  the  bench  tests  refer  to  transmission 
ratings.  These  ratings  are  not  necessarily  the  same  as  the  engine 
ratings  for  the  aircraft. 
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Figure  7 6.  Recommended  Test  Plan  Schedule. 
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3.  A  500-hour  endurance  test  with  a  minimum  of  25  percent  of  the  test 
time  at  takeoff  power  with  the  remaining  75  percent  at  the  most 
severe  mission  spectrum  with  an  acceleration  factor  of  1.25  mini¬ 
mum  on  all  loads,  i.e.,  input  shaft,  takeoff  shafts,  and  thrusts. 
The  test  objective  is  to  demonstrate  that  the  design  objectives  of 
reliability  are  met. 

Many  of  the  component  parts  of  the  initial  test  gearbox  could  be 
used  for  the  500-hour  endurance  tests.  However,  new  gears,  bear¬ 
ings,  and  the  latest  designs  of  improved  parts  should  be  installed. 

Rotor  Head  Bench  Tests 


A  minimum  of  two  main  rotor  head  and  shaft  assemblies  should  be  subjected 
to  the  bench  tests  generally  described  in  the  following  paragraphs: 

1.  A  600-hour  overstress  fatigue  test  should  be  performed  on  the 
first  main  rotor  head  and  shaft  system  in  a  head  and  shaft  test 
facility.  The  percentage  of  overstress  shall  be  a  function  of  the 
desired  mean  strength  and  test  time  frame. 

Design  modifications  should  be  limited  to  that  hardware  which 
reflects  inadequate  strength  and/or  nonfail-safe  characteristics. 

2.  Upon  completion  of  the  first  fatigue  test  (defined  as  all  hardware 
having  adequate  strength  or  fail-safe  modes,  or  limiting  hardware 
being  defined  and  modified),  the  second  main  rotor  and  shaft  system 
will  then  be  fatigue  tested  for  1+00  hours  with  required  modifi¬ 
cations,  applying  essentially  the  same  test  spectra  as  the 
initial  test. 

3.  A  500-hour  endurance  test  with  approximately  a  10-percent 
acceleration  factor  is  applied  to  the  usage  flapping  spectrum  as 
the  endurance  load  test  spectrum  (flapping  being  the  fundamental 
parameter  of  a  main  rotor  head  and  shaft  system) . 

The  edgewise  damper  load  will  be  accelerated  20  percent,  and  the 
blade  centrifugal  will  be  accelerated  by  10  percent. 

The  objectives  are  to  demonstrate  that  the  design  objectives  of 
reliability  are  met  and  also  to  reveal  problems  not  always  ap¬ 
parent  from  more  highly  accelerated  tests. 

Propulsion  Jystem/Tiedown  Test 

The  total  propulsion  system  including  all  gearboxes,  engine(s),  rotor  heads, 
blades,  shafting,  rotor  brake,  clutches,  accessories,  and  controls  should  be 
subjected  to  the  following  tests,  as  a  minimum,  using  either  a  test  bed  or 
the  complete  tied  down  helicopter.  A  test  time  accumulation  of  20  hours 
should  be  required  prior  to  first  flight  of  the  aircraft  and  a  test  time/ 
flight  time  ratio  established  at  2/1  for  the  test  program  to  ensure  an 
adequate  test  margin  of  time  accumulation  on  components  and  system. 
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A  shakedown  test  of  50  hours  with  50  percent  of  the  test  time 
at  takeoff  power,  10  percent  of  the  time  at  110  percent  of 
takeoff  power,  and  the  remaining  bO  percent  at  normal  rated  power. 
The  test  would  be  divided  into  five  10-hour  cycles  with  one  cycle 
being  at  120  percent  of  normal  rated  speed  and  four  cycles  at 
normal  speed  ranges. 

The  objective  of  this  test  is  to  substantiate  that  the  helicopter 
propulsion  system  is  safe  for  flight.  The  requirement  is  not  to 
pass  this  test  but  to  substantiate  lack  of  catastrophic  failure 
modes  and  the  fail-safe  features  of  the  dynamic  components,  to 
satisfactorily  substantiate  fixes  for  each  mode  of  failure  of 
major  malfunction. 

2.  A  100-hour  endurance  test  at  the  same  spectrum  as  the  50-hour 
shakedown  test,  consisting  of  ten  10-hour  cycles  with  two  cycles 
at  120  percent  of  normal  rated  speed  and  8  cycles  at  normal  soeed 
ranges. 

The  objective  of  this  test  is  to  substantiate  the  adequacy  of  the 
modifications  developed  for  earlier  problems  encountered  during 
the  50-hour  shakedown  test  and  flight  test  and  to  assure  reason¬ 
able  operating  intervals  without  failures.  The  requirement  is  not 
to  "pass"  this  test,  but  to  obtain  a  minimum  of  50  test  hours 
without  failure  or  major  malfunction  on  all  parts  scheduled  for 
pr oduction. 

3.  As  mentioned  in  the  discussion  paragraph,  in  this  recommended  test 
plan  an  accelerated  demonstration  test  of  2000  hours  (800  hours 

on  the  propulsion  system  test  bed  and  1200  hours  on  the  tiedown 
test  aircraft)  would  provide  the  equivalent  of  a  1000-hour  non¬ 
accelerated  test  to  demonstrate  a  component  MTBR  of  1000  hours  at 
60-percent  confidence  with  two  or  less  failures  exhibited  on  that 
component . 

Aircraft  Flight  Test 

Tiie  helicopter  flight  test  program  should  be  designed  to  complete  the  con¬ 
tractors'  and  contractual  aircraft  handling  qualities,  performance,  and 
structural  buildup  programs  in  a  minimum  number  of  flight  hours  and  in  the 
shortest  possible  calendar  time.  In  addition  to  the  necessary  survey  test 
flights  (stress,  vibration,  etc .), training, and  classical  procedures  of  fly¬ 
ing  at  incremental  changes  in  airspeed  and  center  of  gravities,  a  portion 
of  the  flight  test  program  should  be  devoted  to  flying  simulated  missions. 

Data  obtained  from  these  tests  can  be  used  to  verify  the  design  mission 
spectrum  and  to  verify  the  operation  and  maintainability  of  the  dynamic 
and  airframe  components  under  conditions  approaching  actual  service 
operation. 

Fol.iow-on  Product  Improvement  Tests 

Upon  completion  of  the  ground  test  program,  including  the  development  and 
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endurance  bench  tests  and  tiedown  or  dynamic  systems  tests,  a  product  im¬ 
provement  plan  for  the  propulsion  system  components  should  be  made.  Follow- 
on  bench  testing  to  cover  the  evaluation  of  components  manufactured  by 
alternate  fabrication  sources,*  additional  improvements  indicated  by  field 
experience,  and  planned  component  growth  (power  capability)  should  be 
initiated  as  soon  as  possible. 

In  follow-on  programs,  a  new  component  incorporating  the  latest  design 
features  should  be  used.  A  200-hour  test  similar  to  the  overstress  de¬ 
velopment  bench  tests  should  be  conducted. 

The  cost  curves  for  this  plan  can  be  constructed  from  the  average  number  of 
test  hours  per  month  in  Table  XI,  the  average  cost  data  in  Table  XII,  and 
the  test  plan  schedule,  Figure  70. 

SUMMARY 


For  any  helicopter  model,  the  initial  and  follow-on  test  programs  should 
be  prepared  with  the  objective  being  to  demonstrate  that  the  design  re¬ 
quirements  for  safety,  reliability,  and  maintainability  are  met. 

The  essential  methods  to  be  employed  in  the  test  program  to  meet  this 
objective  are: 

1.  The  use  of  the  multilevel  concept  and  the  multiple  specimens 
to  account  for  the  variabilities  associated  with  interfaces, 
strength,  manufacturing,  and  environments. 

2.  The  use  of  overstress  mode-of- failure  testing  to: 

(a)  Uncover  modes-of-failure  early  and  to  substantiate 
that  they  are  noncatastrophic  and  fail-safe  by  the 
inspection  and  detection  techniques  used  in  service. 

(b)  Verify  "fixes"  quickly. 

3.  The  conduction  of  accelerated  demonstration  testing  to  reasonably 
verify  that  the  design  objectives  are  met. 

k.  The  establishment  of  logical  test  scheduling  such  thin.  there  is 
probability  that  the  components  will  be  free  of  major  problems 
before  entering  subsequent,  higher  levels  of  testing  with  the 
ultimate  goal  of  effectively  demonstrating  that  the  design  re¬ 
quirements  for  reliability  and  maintainability  have  been  achieved 
by  the  time  the  aircraft  are  deployed. 


*Some  evaluation  of  alternate  sources  can  be  accomplishe'  (if  sources  are 
available)  in  the  second  development  or  endurance  test. 
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COMMENTS  ON  APPLICABLE  MILITARY  SPECIFICATIONS 


In  accordance  with  contract  requirements,  those  Military  specifications 
which  are  applicable  to  helicopter  dynamic  components  have  been  reviewed 
in  relation  to  this  study,  and  comments  on  these  specifications  are  listed 
below : 

MIL-A-8064B  (USAF);  ACTUATORS  AND  ACTUATING  SYSTEMS.  AIRCRAFT.  ELECTRO¬ 
MECHANICAL.  GENERAL  REQUIREMENTS  FOR 

This  specification  references  MIL-STD-810,,  which  concerns  environmental 
testing-  Neither  of  these  specifications  requires  the  actuators  to  be 
operated  during  the  environmental  testing.  Meaningful  testing  requires 
close  simulation  with  service  experience  and  as  such,  the  actuators  should 
be  operated  during  environmental  testing. 

MIL-C-5503C ;  CYLINDERS:  AERONAUTICAL.  HYDRAULIC  ACTUATING  GENERAL 
REQUIREMENTS  FOR  . .  .  ‘ 

The  extreme  temperature  test  requirement  that  "0"  rings  and  seals  must 
withstand,  275°  centigrade,  should  be  reexamined  since  "0"  rings  cannot 
withstand  this  temperature  and  remain  in  acceptable  condition  for  further 
service. 

MIL-D-23222;  DEMONSTRATION  REQUIREMENTS  FOR  ROTARY  WING  AIRCRAFT 

Regarding  drive  train  demonstration  requirements,  no  significant  technical 
changes  are  recommended.  Using  procedures  outlined  in  the  specification 
addenda,  it  is  now  possible  to  make  normal  modifications  to  suit  specific 
needs  whenever  necessary. 

MIL-T-5955C ;  TRANSMISSION  SYSTEMS.  VTOL  -  STOL.  GENERAL  REQUIREMENTS  FOR 

This  specification  outlines  the  general  requirements  for  V/STOL  trans¬ 
mission  systems.  The  specification  makes  reference  to  "as  specified  in 
the  aircraft  detail  specification"  and  as  such,  several  items  are  tailored 
to  individual  requirements.  Thus,  the  detail  specification  is  the  govern¬ 
ing  factor  for  several  important  requirements.  The  requirement  of 
paragraph  4.3.1  for  variable  speed  capability  will  increase  the  cost  and 
complexity  of  test  stands. 

Development  tests  are  still  not  included,  even  in  the  latest  revision. 

Any  future  helicopter  program  should  include  such  tests,  but  under  present 
specifications,  these  will  be  prepared  by  the  contractor  and  approved  by 
the  procuring  activity. 

MIL-T-8679;  TEST  REQUIREMENTS,  GROUND,  HELICOPTER 

Paragraph  3.6.2  requires  450  hours  of  tiedown  testing:  a  50-hour  prelim¬ 
inary  flight-approved  test,  a  150-hour  preproduction  test,  and  a  250-hour 
ground  test.  The  first  two  are  mandatory,  while  the  third  test  is  at  the 
option  of  the  procuring  activity.  Since  the  majority  of  the  malfunctions 
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are  experienced  during  the  early  phases  of  the  test  program,  the  total 
1+50-hour  requirement  could  be  reduced  to  250  hours,  in  50- ,  100- ,  and  100- 
hour  increments.  More  effective  rotor  and  transmission  system  testing  is 
conducted  in  system  tests  on  the  head  and  shaft  tester  and  in  the  regenera¬ 
tive  test  stands.  The  reduced  time  suggested  here  is  still  sufficient  for 
resolving  installation  problem  areas. 

Provision  should  also  be  included  for  using  a  propulsion  system  test  bed 
during  development  and  qualification  testing.  The  propulsion  system  test 
bed  has  been  an  effective  tool  in  developing  complete  dynamic  systems  prior 
to  developing  and  without  requiring  airframe  hardware.  Some  of  this  test¬ 
ing  should  be  development  testing  without  "must-pass"  requirements. 

MIL-H-8775C;  HYDRAULIC  SYSTEM  COMPONENTS.  AIRCRAFT  AND  MISSILES 

Paragraph  U.5.6  concerns  extreme  temperature  testing.  This  requirement 
should  be  reexamined  since  "0"  rings  cannot  withstand  275°  centigrade 
and  remain  in  acceptable  condition  for  further  service. 

Paragraph  1+ . 5 •  9  concerns  vibration,  and  reference  is  made  to  MIL-E-5272 
which  is  tailored  to  electronics  equipment  and  does  not  lend  itself  to 
hydraulic  components.  As  such,  the  test  conditions  are  not  representative 
of  conditions  experienced  in  service. 


CONCLUSIONS 


Future  helicopter  programs  should  include  a  comprehensive  test  plan 
consisting  of  three  separate  and  distinct  phases: 

a.  Development  type  testing,  including  subcomponent  testing, 
should  be  conducted  to  provide  early  problem  definition 
and  thereby  allow  component  modification  if  required,  be¬ 
fore  components  are  in  large  scale  production.  Such  tests 
should  not  have  definite  acceptance  and  rejection  criteria. 

b.  Qualification  testing  may  be  required  by  the  procuring 
activity.  This  testing  should  supplement  the  development 
testing  and  should  be  conducted  similar  to  present  pro¬ 
cedures  with  definite  reliability  performance  requirements. 

c.  Production  improvement  programs  for  dynamic  components 
should  be  included  in  the  original  contract  or  negotiated 
during  the  initial  prototype  program.  These  tests  will 
permit  development  of  the  hardware  and  provide  growth 
potential  during  the  aircraft  program. 

The  preceding  tests  should  include  environmental  testing  that  simu¬ 
lates  that  to  be  expected  during  operation.  Individual  detail 
specifications  for  each  type  helicopter  should  include  a  usage 
spectrum  at  the  various  environments. 

The  practice  of  assigning  TBO  intervals  based  on  limited  testing 
should  be  carefully  reassessed.  Service  intervals  for  dynamic  com¬ 
ponents  should  approach  "on-condition"  operation.  Low  service 
intervals  contribute  to  increased  maintenance  and  do  not  necessarily 
assure  safe  operation.  The  use  of  failure  rate  analysis  programs  can 
determine  the  economic  feasibility  of  approaching  "on-condition" 
operation. 

A  standardized  reporting  system  should  be  developed  and  used  by  all 
military  services  to  report  service  malfunction  and  removal  data. 

This  system  should  be  specified  during  the  initial  phases  of  a  con¬ 
tract  and  maintained  for  a  prescribed  time  interval  to  allow 
operational  performance  to  be  assessed  correctly. 


APPENDIX  I 


SUPPLEMENTARY  DATA  TO  TEST  PROGRAM  TRADE-OFF  STUDIES 
TEST  PLAN  DEVELOPMENT 


In  the  development  of  the  test  plan  used  in  the  trade-off  studies  of  com¬ 
ponent  realiability  demonstration,  four  test  plans  were  considered.  The 
organization,  flow,  and  bar  charts  for  the  three  additional  test  plans, 
described  below,  are  included  on  the  following  pages. 

Plan  1 


Plan  is  included  in  the  section  entitled  "Test  Program  Trade-Off  Studies". 
Plan  2 


This  plan,  which  was  the  baseline  from  which  all  four  test  plans  were 
developed,  is  essentially  extracted  from  the  original  test  program  used 
for  the  H-3.  In  this  plan,  no  attempt  has  been  made  to  introduce  tests 
that  will  uncover  in  development  or  qualification  any  of  the  problems  that 
were  uncovered  after  the  H-3  went  into  service.  Figures  77,  78,  and  79 
define  this  test  program  in  detail. 

Plan  3 


The  third  plan  represents  the  approach  of  "tacking-on"  test  conditions  or 
additional  tests  to  Plan  2.  This  approach  is  frequently  used  when  existing 
facilities  or  test  plans  are  to  be  employed  for  different  purposes.  In 
this  plan,  tests  have  been  added  to  detect  some  of  the  service  modes  of 
failures  not  detected  in  Plan  2.  Figures  80,  8l,  and  82  described  this 
program. 

Plan 


The  fourth  plan,  Figures  83,  84,  and  85,  is  derived  from  the  program  used 
in  the  trade-off  study.  The  approach  in  this  plan  is  to  eliminate  all  but 
the  most  important  tests  or  test  conditions  in  the  plan  studied.  The  most 
imnortant  tests  are  those  that  qualify  the  flight  critical  components 
(fatigue  tests)  and  those  that  reveal  the  major  service  problems  not  un¬ 
covered  in  the  H-3  test  program  (Plan  2). 

Number  of  Components  Required 

The  number  of  components  required  to  implement  plans  2,3,  and  4  and  to 
demonstrate  a  MTBR  of  500  hours  at  a  confidence  level  of  60  percent  are 
shown  in  Table  XVI .  The  test  plan  (Plan  l)  used  for  the  trade-off  study 
is  included  for  comparative  purposes. 

Reliability  Prediction 

The  confidence  placed  with  each  test  plan  in  predicting  the  various  modes 
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of  component  failure  is  shown  in  Table  XVII.  Included  herein  are  all 
four  test  plans.  The  definition  of  reliability  for  these  various  failure 
modes  is  shown  in  Table  XVIII. 


TABLE  XVI. 

COMPONENT  REQUIREMENTS 
THE  FOUR  TEST  PLANS 

FOR 

1  _ 1 

Test  Plan 

Component 

1 

2 

3 

4 

Main  Rotor  Head^^ 

1  PP 

4  P 

6  P 

5  P 

4  P 

Main  Rotor  Blade 

1*  PP 

18  P 

24  P 

24  P 

18  P 

Tail  Rotor  Head^ 

1  PP 

4  P 

6  p 

5  P 

4  P 

Tail  Rotor  Blade 

4  PP 

16  P 

24  P 

20  P 

16  P 

Main  Gearbox 

1  PP 

8  P^ 

9  P(2) 

9  P(2) 

7  P^ 

Intermediate  Gearbox 

1  PP 

8  P(2) 

9  P^ 

9  P(2) 

7  P^ 

Tail  Gearbox 

1  PP 

8  P(2) 

9  P^ 

9  P<S) 

7  P^ 

Subassembly  of  Rotor 
or  Transmission  Systeiri 
Component 

10  M 

3  PP 

4  P 

12  P 

11  P 

8  P 

Engines 

3  P 

3  P 

3  P 

3  ? 

Complete  Aircraft 

1  P^ 

1  P^ 

1  P^ 

0 

M  =  Model  Parts 

PP  =  Production  Prototype  Parts 

P  =  Production  Parts 

(l)  Does  not  include  blades 

(2)  Includes  slave  transmission  to 
complete  regenerative  loop. 

(3)  Flight  aircraft  not 

included. 

_ _ ,  _  ..  .  -1 

Test  Facility  Legend 


0)  Fatigue  Tester 

(?)  Main  Gearbox  Regenerative 
Test  Stand 

( 3 )  Tail  and  Intermediate 
Gearbox  Regenerative 
Test  Stand 

(i)  Main  Rotor  Whirl  Test  Stand 
( 5)  Tail  Rotor  Whirl  Test  Stand 


(7)  Tiedown  Aircraft 

(8)  Flight  Aircraft 

(9)  Small-Scale  Development 
Test  Equipment 

(10)  Main  Rotor  Head  and 
Shaft  Tester 

( 11 )  Tail  Rotor  Head  and 
Shaft  Tester 


(a)  Propulsion  System  Test  Bed 


(*)  The  facility  number(s)  is  (are)  the  same  as  the 
one(s)  for  the  adjacent  block(s)  tying  into  it. 
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Llity  Design 


Start 
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Qualification 
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Start 
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Total 

System 

Qualification 


fility  Design 


Start 

Propulsion 
Syste  . 

Qualification 


(llity  Design 


Start 

Total 

System 

Qualification 


Transmission  Syst 
Qualification 


Structural 

Reliability 


Performance 


Aerodynamic 

Performance 


Natural  Frequency 
Stress  and  Motion 


Structural 

Reliability 


Performance 


Aerodynamic 

Performance 


Natural  Frequency 


Stress  and  Motion 


Figure  fin,  3,  Test  Plan. 
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Main  MTBF 
Demonstration 


Test  Facii 


(1)  Fatigue  Tester 

(2)  Main  (earbox  R> 


Main  (earbox  Regenerative 
Test  it and 


(3)  Tail  ml  Intermediate 
Gearbox  Regenerative 
Test  Stand 


(1)  Main  Rotor  Whirl  Test  Sti 

(5)  Tail  Fotor  Whirl  Test  Sti 

(6)  Propulsion  System  Test  Bi 


4 


I 


Test  Facility  Legend 


(1)  Fatigu?  Tester 

I 

(2)  Main  Cearbox  Regenerative 
Test  Stand 

1(3)  Tail  end  Intermediate 
Gearbcx  Regenerative 
Test  Stand 

(k)  Main  Lot  or  Whirl  Test  Stand 
,(5)  Tail  Rotor  Whirl  Test  Stand 
^(6)  Propulsion  System  Test  Bed 


(7)  Tiedown  Aircraft 

(8)  Flight  Aircraft 

(9)  Small-Scale  Development 
Test  Equipment 

(10)  Main  Rotor  Head  and 
Shaft  Tester 

(11)  Tail  Rotor  Head  and 
Shaft  Tester 

(*)  The  facility  number(s)  is  (are)  the  same  as  the 
one(s)  for  the  adjacent,  block(s)  tying  into  it. 
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Figure  8l.  Plan  3»  Flow  Chart. 
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i£ure  02.  Plan  3,  Concurrent  Schedul 
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(7) 
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Main  Gearbox  Regenerative 
Test  Stand 

(8) 

(9) 

(3) 

Tail  and  Intermediate 

Gearbox  Regenerative 

Test  Stand 

(10) 

(M 

Main  Rotor  Whirl  Test  Stand 

(11) 

(5) 

Tail  Rotor  Whirl  Test  Stand 

(6) 

Propulsion  System  Test  Bed 

(*) 

Tiedown  Aircraft 

Flight  Aircraft 

Small-Scale  Development 
Test  Equipment 

Main  Rotor  Head  and 
Shaft  Tester 

Tail  Rotor  Head  and 
Shaft  Tester 

The  facility  number(s)  is  (are)  the  same 
for  the  adjacent  block(s)  tying  into  it. 
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Figure  83.  Plan  4 
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Figure  84.  Plan  4,  Flow  Chart 
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Figure  35-  Flan  Concurrent  Schedule. 
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TABLE  XVII.  RELIABILITY  PREDICTIONS  USING 
THE  FOUR  TEST  PLANS 


To:; I  Plan 


Typo  of  Failure 

1 

O 

3 

1* 

Real  Failures  -  Functional 

3* 

1 

3* 

3* 

Real  Failures  -  Environmental 

2* 

0 

2* 

2* 

Bearing  Failures  -  Functional 

3* 

1* 

3* 

1* 

Bearing  Failures  -  Environmental 

0 

2* 

1* 

Abrasion  B trips 

0# 

L . 

0 

0 

1* 

Gear  Failures 

2* 

1* 

1* 

1* 

Nonstructural  Fatigue  Failures 

1* 

0 

0 

1* 

Miscellaneous  Environmental 

0 

0 

0 

0 

Failures  caused  by  lack  of 

lubricant 

1 

1 

1 

1 

Structural  Failures  of  Rotor  Head 

and  Flight  Critical  Systems 

3* 

1* 

1* 

2* 

Structural  Transmission  Excluding 

Gears 

2* 

1 

1 

1 

0  -  Reliability  problem  cannot 

be  identified. 

1  -  Reliability  problem  can 

be 

identified  during 

qualification 

phase  only. 

2  -  Reliability  problem  can 

be 

identified  during 

development 

phase  before  qualification  phase. 

3  -  Reliability  problem  can 

be 

identified  before 

final  des 

ign. 

*  -  Reliability  problem  can 

be  quantified. 
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TABLE  XVIII.  RELIABILITY  DEFINITIONS  USING 
_ THE  FOUR  TEST  PLANS 


P 

rCj  d 

P  <D 
•H  Q 

o 

SH  81 

P  <D  ft 
•H  >  ft 

H  <U  (U 
•H  Q  ft 
h  ft 
•H  H  in 
P  ft  O 
3  3 
ft  ft 
E  0) 

O  f> 

a  o 


o 

10  O  3 


at  p  d) 

43  ft  p 

P  «'H 
O  O  ft 

goo 

« 


ft  >  X 

,c  <u 

!s  >1  ft 

P  ft 
O  ft  E 
P  ft  ft 
ft  0) 
<U  43  ft 
d)  aJ  dJ 
ft  ft  « 
hD  H 
<U  dJ  dl 
Q  03  43 


.  >>  _ 
ftp  x) 

o  -h  a  o 

ft  w  ft 
P  ft  ^  ft 

a  a  bo  ft 
O  3  OP 
ft  ft  Vi  p 
k  H  ft  D 

W  OJ  X) 

03  ft 


4)  ft  •  V 

t  -8  £  S 
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APPENDIX  II 


THE  FAILURE  RATE  ANALYSIS  PROGRAM 


INTRODUCTION 


Two  primary  factors  that  must  be  considered  in  establishing  a  TBO  are 
safety  and  economics.  Safety  is  of  utmost  importance  since  the  established 
TBO  cannot  cause  an  unacceptable  probability  that  a  catastrophic  mode  of 
failure  will  occur.  There  must  be  a  thorough  understanding  of  the  poten¬ 
tial  catastrophic  modes  of  failure.  Redundancies  and  detection  systems 
should  be  used  where  practical.  Testing  must  identify  components  with 
limited  service  intervals,  and  retirement  of  those  parts  must  be  considered 
in  the  TBO  program.  In  addition,  the  established  TBO  must  be  economically 
sound.  In  order  to  make  a  decision  as  to  the  economic  soundness  of  a 
given  TBO,  the  failure  rate  variation  with  time  must  be  understood. 

Sikorsky  Aircraft  has  developed  an  analytical  tool  which  allows  determina¬ 
tion  of  the  variation  of  the  failure  rate  versus  time  for  a  given  component, 
recognition  of  the  predominant  modes  of  failure  (and  how  each  affects  the 
failure  rate  behavior  of  the  total  component),  and  determination  of  the 
probability  that  a  component  will  survive  to  any  given  time  (and  the  varia¬ 
tion  of  that  probability  if  any  given  mode  of  failure  is  corrected). 

The  analytical  tool  developed  for  this  purpose  is  known  as  the  Failure  Rate 
Analysis  Program  (FRAP).  The  basic  principles  of  this  program  were  used  in 
a  similar  program  in  a  study  of  the  0H-3A  main  gearbox.^ *'  The  following 
pages  discuss  the  use  and  capabilities  of  FRAP  and  demonstrate  its  use  for 
the  analysis  of  the  CH-3C/HH-3E  intermediate  and  tail  gearboxes  and  main 
and  tail  rotor  heads. 

USE  AND  CAPABILITx_3  OF  FRAP 


FRAP  uses  major  component  removal  histories  (failures,  high  time  removals, 
and  other  removals),  sorts  and  edits  these  histories  to  identify  missing  or 
faulty  data;  prints  out  a  plot  of  failures  versus  the  time  since  overhaul 
(TSO)  where  the  time  since  overhaul  is  a  nonlinear  scale;  applies  a 
Kolmogorov-Smirnov  statistical  test  to  the  plot  to  determine  (to  a  given 
confidence  level)  if  the  failure  rate  is  nonconstant;  identifies  predominant 
modes  of  failure  and  their  effects  upon  the  failure  rate  behavior;  and  plots 
the  probability  of  survival  to  any  given  time  since  overhaul  for  any  given 
combination  of  modes  of  failure,  up  to  the  highest  operating  life. 

Component  removal  histories  require  the  following  data: 

(1)  Component  identification  (P/N,  S/N). 

(2)  Aircraft  from  which  removed  and  total  time  on  aircraft. 

(3)  Date  of  removal. 

(4)  Whether  removal  was  due  to  failure,  high  time  or  other  causes. 

(#)  SER- 50547  Study  of  Helicopter  Transmission  System  Development 
Testing  Dated  June  5j  1968. 
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(5)  Total  time  accumulated  on  component  and  time  since  last  overhaul  - 

(6)  Where  removal  was  due  to  failure,  the  part  responsible  for 
failure  and  the  mode  of  failure. 

(7)  The  total  time  on  each  aircraft  in  the  population  to  a  given  date. 
Sorting,  editing,  and  listings  of  the  histories  include  the  following: 

(1)  Sorts  and  lists  components  chronologically  by  serial  number. 

Edits  this  listing  for  missing  or  erroneous  data. 

(2)  Sorts  and  lists  components  chronologically  by  aircraft  number. 
Edits  this  listing  for  missing  or  erroneous  data. 

(3)  Lists  the  aircraft  time  for  each  aircraft  of  the  population. 
Computes  and  lists  for  each  aircraft  the  time  accumulated  since 
the  last  overhaul.  Edits  the  listing  for  missing  or  erroneous 
data. 

(*0  Calculates  and  prints  out  the  total  accumulated  hours. 

(5)  Sorts  and  lists  all  failures  by  failure  mode,  including  the 
percentage  contribution  of  each  mode. 

The  plot  of  failure  versus  TSO  is  printed  out  as  shown  in  Figure  86. 
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In  Figure  86  the  letters  that  appear  are  defined  as  follows: 


© 

© 

© 

© 

© 


Total  accumulated  hours  -  a  linear  scale  indicating  all 
component  time  accumulated  on  all  aircraft  (including 
those  components  still  in  operation  on  an  aircraft). 

Time  since  overhaul  (TSO)  -  a  nonlinear  scale,  aligned 
with  the  TOTAL  ACCUMULATED  HOURS  scale  such  that,  for 
example,  the  B-l  TOTAL  ACCUMULATED  HOURS  reflect  the 
total  time  accumulated  on  all  components  with  TSO  between 
zero  and  the TSO. 

Number  of  failures  -  a  linear  scale. 

Failures  versus  TSO  plot  -  a  step  function  plot  of  all 
component  failures  (or,  if  desired,  just  certain  of  the 
component's  failure  modes)  versus  the  TSO  at  which  the 
failures  occurred. 

A  best-fit  polynomir.al  curve  -  for  the  step  function 
failures  versus  TSO  plot. 

Kolmogorov-Smirnov  (K-S)  boundaries  -  run  parallel  to  a 
straight  line  drawn  from  the  origin  to  the  last  point  of 
the  failure  versus  TSO  plot;  the  spacing  increases  with 
higher  confidence  levels  and  with  fewer  failure  points. 

Highest  operating  life  of  all  the  components  surveyed. 
This  should  be  no  greater  than  the  maximum  allowable  TBO. 


The  probability  of  component  survival  to  any  given  TSO  is  determined  by 
FRAP  as  follows : 


1.  The  instantaneous  slope  of  the  best-fit  polynominal  curve  of 
the  failures  versus  TSO  plot  is  determined  and  plotted  as 
failure  rate  versus  TSO  in  Figure  87. 


Figure  87.  Failure  Rate  Plot. 
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2.  Then,  using  the  instantaneous  failure  rate  as  determined  in  the 
above  plot,  the  probability  of  component  survival  is  computed  as 

-/X  d» 

R  =  e 

where  R  is  the  probability  of  survival  and  X  is  the  instantan¬ 
eous  failure  rate.  The  resulting  survival  plot  is  shown  in 
Figure  88 . 


Figure  88.  FRAP  Survival  Plot. 

Use  of  FRAP  is  as  follows: 

1.  The  complete  history  of  the  component  under  study  is  input  into 
the  program. 

2.  The  failures  versus  TSO  plot  is  studied  with  the  following  con¬ 
siderations  : 

(a)  If  the  curve  goes  below  the  lower  K-S  boundary ,  we  have  a 
given  level  of  confidence  that  the  failure  rate  of  the 
component  is  increasing  with  time.  This  indicates  a  wear- 
out  phenomenon  of  the  component  within  the  scheduled 
overhaul  period.  This  phenomenon  may  be  caused  by  one  or  a 
few  wearout  failure  modes  that  become  predominant  at  some 
given  TSO. 

(b)  If  the  curve  goes  above  the  upper  K-S  boundary,  we  have  a 
given  level  of  confidence  that  the  failure  rate  of  the 
component  is  decreasing  with  time.  This  indicates  a  rela¬ 
tively  high  probability  of  early  failure,  possibly  due  to 
poor  quality  control  or  failures  resulting  from  handling  or 
maintenance  errors . 

(c)  If  the  curve  stays  within  the  boundaries  and  we  have  suf¬ 
ficient  data  points,  we  can  be  reasonably  sure  that  the 
failure  rate  of  the  component  is  nearly  constant  with  time. 

3.  The  list  of  failures  by  failure  mode  is  studied  to  determine  the 
significant  modes  of  failure.  If  the  effect  of  any  given  mode 
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(or  any  combination  of  modes)  of  failure  is  desired,  a  failure 
versus  TSO  plot  is  made  for  that  mode(s)  and  studied  as  indicated 
in  (2)  above.  Conversely,  by  excluding  a  certain  mode(s),  the 
effect  of  eliminating  this  mode(s)  can  be  studied. 

!+.  If  it  is  desirable  to  study  the  economic  feasibility  of  changing 
the  component  TBO,  the  following  should  be  considered: 

(a)  As  long  as  the  failure  rate  of  a  component  remains  constant 
with  time,  it  will  not  be  economically  advantageous  to  con¬ 
duct  a  scheduled  overhaul  of  the  component.  The  probability 
of  failure  immediately  after  overhaul  is  as  great  as  the 
probability  of  failure  immediately  prior  to  overhaul.  Un¬ 
scheduled  maintenance  and  mission  aborts  are  not  reduced; 
scheduled  maintenance  is  increased.  Additional  costs  are 
incurred  due  to  spare  parts  requirements  shipping  require¬ 
ments,  etc. 

(b)  If  the  failure  rate  of  a  component  deceases  with  time,  it 
is  not  economically  feasible  to  overhaul.  The  probability 
of  failure  is  greatest  immediately  after  installation. 

(c)  If  the  failure  rate  of  a  component  increases  sharply  at  some 
point  in  its  life,  it  may  be  economically  feasible  to  allow 
for  a  scheduled  overhaul  just  prior  to  the  sharp  increase. 
This  could  effectively  reduce  unscheduled  maintenance  and 
mission  aborts. 

(d)  If  the  goal  is  to  extend  the  TBO  for  a  component,  then  re¬ 
design  should  be  considered  for  those  modes  of  failure  which 
may  cause  the  component  failure  rate  to  increase. 

5.  If  it  is  desired  to  determine  the  percentage  of  the  component 
which  will  survive  to  any  given  time  since  overhaul  (or  to  com¬ 
pare  the  existing  component  survival  to  the  survival  after  any 
given  mode(s)  of  failure  is  eliminated),  the  FRAP  survival  plot 
is  studied.  Hie  percentage  of  survival  at  any  given  TSO  (up  to 
the  highest  operating  life)  can  be  read  directly. 

TYPICAL  APPLI CATI ONS 


The  following  pages  provide  a  summary  of  the  findings  of  FRAP  as  applied 
to  four  major  dynamic  components  of  the  CH-3C/HH-3E  aircraft:  the  tail 
gearbox,  the  intermediate  gearbox,  the  main  rotor  head,  and  the  tail  rotor 
head.  The  basic  curve  shapes  determined  for  each  of  these  components  are 
very  similar  to  the  comparable  components  on  other  aircraft  studied  by 
Sikorsky. 

Intermediate  Gearbox 


The  failure  versus  TSO  plot 
failure  considered)  did  not 
fidence  K-S  boundaries  (See 
ever,  that  the  slope  of  the 


of  the  intermediate  gearbox  (all  modes  of 
fall  outside  of  either  of  the  90-percent  con- 
Figure  89).  It  was  qualitatively  noted,  how- 
curve  (hence,  the  failure  rate)  was  greatest 
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Figure  89.  FRAP  Failure  Versus  TSO:  CH-3C/HH-3E 
Intermediate  Gearbox. 
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during  the  first  200  hours  TSO.  In  order  to  determine  what  caused  this 
phenomenon,  the  failure  mode  summary  was  studied.  It  was  determined  that 
the  "input  shaft  seal  leakage"  failure  mode  was  by  far  the  most  significant 
(more  than  1*0  percent  of  the  failures).  In  order  to  determine  what  effect 
this  failure  mode  had  upon  the  total  component  failure  rate,  a  failure 
versus  TSO  plot  was  made  for  just  this  one  mode  of  failure  (Figure  90)  and 
for  all  modes  except  this  one  mode  of  failure  (Figure  91).  It  is  noted 
from  Figure  90  that  the  failure  versus  TSO  plot  for  the  "input  seal  leakage" 
mode  of  failure  goes  above  the  upper  K-S  boundary,  indicating  that  with  90- 
percent  confidence  we  can  state  that  this  mode  of  failure  has  a  decreasing 
failure  rate.  This  implies  that  the  probability  of  input  seal  failure  is 
greatest  during  the  first  200  hours  TSO.  This  may  be  due  to  poor  seal 
quality  control  or  damage  during  handling  or  installation. 

Possible  means  of  preventing  this  phenomenon  include: 

(1)  Tighter  quality  control 

(2)  Improved  handling /installation  provisions 

(3)  Use  of  a  field  removable  seal  (allowing  seal  replacement 
without  removal  of  the  entire  gearbox) 

If  this  phenomenon  could  be  eliminated,  the  K-S  failure  versus  TSO  plot 
shown  in  Figure  91  would  apply.  As  may  be  seen,  this  failure  versus  TSO 
plot  stays  well  within  the  K-S  boundaries,  implying  a  reasonably  constant 
failure  rate  through  the  limits  of  our  existing  experience. 

In  order  to  determine  the  effects  upon  gearbox  survival  to  a  given  TSO  for 
the  existing  configuration  and  for  a  configuration  with  the  "input  shaft 
seal  leakage"  eliminated,  failure  rate  plots  (Figures  92  and  9M  and  sur¬ 
vival  plots  (Figures  93  and  95) were  made.  It  is  noted  that  with  the 
elimination  of  this  mode  of  failure,  the  gearbox  percentage  of  survival  to 
overhaul  (1000  hours)  could  be  increased  from  80  percent  to  88  percent. 

Whether  the  "shaft  seal  leakage"  mode  of  failure  is  corrected  or  not,  it 
can  be  seen  from  Figures  89  and  91  that,  from  an  economics  standpoint, 
there  can  be  nothing  gained  in  removing  a  component  for  a  scheduled  over¬ 
haul  through  the  existing  1000-hour  TB0.  The  probability  of  failure 
immediately  after  overhaul  is  equal  to  or  greater  than  the  probability  of 
failure  immediately  before  overhaul.  The  cost  of  unscheduled  overhauls  is 
not  decreased  while  the  cost  of  scheduled  overhauls  is  incurred.  A  reason¬ 
able  TB0  program,  for  this  component,  from  an  economics  standpoint,  would 
be  to  continuously  increase  the  TB0  while  monitoring  the  effect  of  the  in¬ 
crease  upon  the  failure  rate.  As  long  as  an  increase  in  failure  rate  was 
not  observed,  it  would  be  economically  sound  to  increase  the  TB0. 

Tail  Gearbox 


The  failure  versus  TSO  plot  of  the  tail  gearbox  (all  modes  of  failure  con¬ 
sidered)  fell  well  within  the  90-percent  confidence  K-S  boundaries  (see 
Figure  96).  This  implies  a  reasonably  constant  failure  rate  through  the 
limits  of  our  existing  experience.  From  the  failure  mode  summary,  it  was 
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Figure  90.  FRAP  Failure  Versus  TSO:  CH-3C/HH-3E 
Intermediate  Gearbox. 
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Figure  91.  FRAP  Failure  Versus  TSO:  CH-3C/HH-3E 
Intermediate  Gearbox. 
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Figure  93.  FRAP  Survival  Plot:  CH-3C/HH-3E 
Intermediate  Gearbox. 
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Figure  9U.  FRAP  Failure  Rate:  CH-3C/HH-3E 
Intermediate  Gearbox. 
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Figure  95.  FRAP  Survival  Plot:  CH-3C/HH-3E 
Intermediate  Gearbox. 
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Figure  96.  FRAP  Failure  Versus  TSO:  CH-3C/HH-3F 
Tail  Gearbox. 
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determined  that  there  were  no  significant  modes  of  failure  influencing 
this  component.  A  failure  rate  plot  (Figure  97)  and  a  survival  plot 
(Figure  98)  were  made.  It  was  determined  that  with  the  existing  configu¬ 
ration,  89  percent  of  the  gearboxes  survive  to  the  TBO  (1000  hours). 

As  may  be  seen  from  Figure  96  >  from  an  economics  standpoint,  there  can  be 
nothing  gained  in  removing  a  component  for  a  scheduled  overhaul  through 
the  existing  1000  hours  TBO.  The  comments  concerning  the  intermediate 
gearbox  TBO  establishment  apply  to  the  tail  gearbox. 

Main  Rotor  Head 


The  failure  versus  TS0  plot  of  the  main  rotor  head  (all  modes  of  failure 
plotted)  fell  well  below  the  lower  90  percent  confidence  K-S  boundary 
(see  Figure  99).  Hence,  we  can  state  with  90  percent  confidence  that  the 
failure  rate  increases  with  time. 

The  failure  mode  summary  was  studied,  and  the  following  modes  of  failure 
were  felt  to  be  the  most  significant: 

(1)  Sleeve  and  spindle  seal  leakage 

(2)  Vertical  hinge  seal  leakage 

(3)  Swashplate  assembly /swashplate  bearing  wear 
(I*)  Sleeve  and  spindle  bearing  failure 

(5)  Sleeve  and  spindle  spacer  scored 

Failure  versus  TSO  plots  for  the  above  failure  modes  are  shown  in  Figures 
lOOthrough  104.  The  "sleeve  and  spindle  seal  leakage"  and  the  "swashplate/ 
swashplate  bearing  wear"  modes  of  failure  exhibit  significant  wearout 
characteristics.  On  the  other  hand,  the  "vertical  hinge  seal  leakage", 
the  "sleeve  and  spindle  bearing  failure",  and  the  "sleeve  and  spindle 
spacer  scored"  modes  exhibit  a  reasonably  constant  failure  rate. 

The  failure  mode  summary  was  then  studied  further  to  determine  the  effect 
of  the  remaining  failure  modes.  These  general  categories  of  failure  modes 
remained: 

(1)  Undefined  leakage 

(2)  Miscellaneous  modes,  each  with  only  one  or  two  occurrences 

(3)  Undefined  miscellaneous  modes 

The  "undefined  leakage"  mode  was  included  with  "sleeve  and  spindle  seal 
leakage"  and  plotted  as  shown  in  Figure  105.  This  mode  accentuates  the 
wearout  phenomenon  of  the  "sleeve  and  spindle  seal  leakage".  The  miscel¬ 
laneous  modes  and  the  undefined  miscellaneous  modes  were  then  plotted  as 
shown  in  Figures  106  and  107 .  Each  of  these  also  exhibits  wearout 
characteristics . 

The  increasing  failure  rate  of  the  main  rotor  head  infers  that  possibly 
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there  is  a  point  at  which  it  is  most  feasible  (economically)  to  overhaul. 
However,  there  is  no  point  at  which  a  main  rotor  failure  rate  rises  sharply. 
Instead,  as  seen  in  Figure  99  the  failure  rate  increases  gradually  and 
continuously.  There  is,  therefore,  no  obvious  point  at  which  a  scheduled 
overhaul  would  be  economically  feasible. 

The  failure  rate  plot  (Figure  108)  and  the  survival  plot  (Figure  109)  re¬ 
flect  that  2b  percent  of  the  rotor  heads  presently  survive  to  the  existing 
TBO  (750  hours).  With  the  indication  of  an  increasing  failure  rate,  it  is 
reasonably  projected  that  the  probability  of  survival  would  drop  off 
sharply  beyond  the  existing  TBO.  As  the  probability  of  survival  approaches 
zero,  we  have  very  few  rotor  heads  removed  for  a  scheduled  overhaul;  hence, 
our  policy  becomes,  in  fact,  that  of  an  "on-condition"  philosophy.  An 
extension  of  the  TBO  beyond  750  hours  would  therefore  reap  diminishing 
economic  benefits. 

The  most  logical  TBO  extension  program  for  this  type  of  component  would  be 
one  of  redesign.  The  redesign  should  be  aimed  at  those  problems  most 
drastically  affecting  the  rotor  head  survival.  This  can  be  accomplished 
by  first  attacking  those  problems  with  increasing  failure  rates  and  then 
those  with  a  very  high  constant  failure  rate.  These  desigis,  after  proper 
debugging,  can  be  monitored,  and  the  procedures  outlined  in  this  report  can 
be  reiterated  until  a  feasible  TBO  extension  can  be  justified. 

Tail  Rotor  Head 


The  failure  versus  TSO  plot  of  the  tail  rotor  head  (all  modes  of  failure 
plotted)  fell  well  below  the  lower  90  percent  confidence  K-S  boundary  (see 
Figure  110).  Hence,  we  can  state  with  90  percent  confidence  that  the  fail¬ 
ure  rate  increases  with  time. 

The  failure  male  summary  was  studied,  and  the  following  modes  of  failure 
were  felt  to  be  the  most  significant: 

(1)  Sleeve  and  spindle  bearing  failures 

(2)  Sleeve  and  spindle  seal  leakage 

(3)  Sleeve  and  spindle  seal  area  scored 

Failure  versus  TSO  plots  for  the  above  failure  modes  are  shown  in  Figures 
110  through  112.  It  is  noted  that  they  all  exhibit  wearout  characteristics. 

The  failure  mode  summary  was  then  studied  further  to  determine  the  effect 
of  the  remaining  failure  modes.  These  categories  of  failure  modes  re¬ 
mained: 

(1)  Undefined  leakage 

(2)  Oil  reservoir  cover  cracked 

(3)  Hub  hinge  seal  leakage 

(4)  Miscellaneous  wear  failure  modes 
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All  Modes  of  Failure  Plotted 
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Figure  109-  FRAP  Survival  Plot:  CH-3C/HK-3E 
Main  Rotor  Head. 


NUMBER  OF  FAILURES 


TOTAL  ACCUMULATED  HOURS 


Figure  110.  FRAP  Failure  Versus  TSO: 

CH-3C/HH-3E  Tail  Rotor  Head. 
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(5)  Undefined  miscellaneous  modes 

The  "undefined  leakage"  mode  was  included  with  "sleeve  and  spindle  seal 
leakage"  and  plotted  as  shown  in  Figure  ill*.  This  mode  accentuates  the 
wearout  phenomenon  of  the  "sleeve  and  spindle  seal  leakage".  The  remaining 
failure  modes  were  plotted  as  shown  in  Figures  115  through  118.  They  also 
exhibit  wearout  characteristics. 

Every  distinguishable  failure  mode  of  the  tail  rotor  head  exhibits  wearout 
prior  to  the  TBO  of  750  hours.  There  is,  however,  no  sharp  increase  in  the 
failure  rate,  but  rather  a  gradual,  continuous  increase.  There  is,  there¬ 
fore,  no  obvious  point  at  which  a  scheduled  overhaul  would  be  economically 
feasible. 

The  failure  rate  (Figure  119)  and  the  survival  plot  (Figure  120)  reflect 
that  11  percent  of  the  rotor  heads  presently  survive  to  the  existing  TBO 
(750  hours).  With  the  indication  of  an  increasing  failure  rate,  it  is 
reasonably  projected  that  the  probability  of  survival  would  drop  off 
sharply  beyond  the  existing  TBO.  As  the  probability  of  survival  approaches 
zero,  we  have  very  few  rotor  heads  removed  for  a  scheduled  overhaul;  hence, 
our  policy  becomes,  in  fact,  that  of  an  "on-condition"  philosophy.  An  ex¬ 
tension  of  the  TBO  beyond  750  hours  would  therefore  reap  diminishing 
economic  benefits. 


Tail  Rotor  Head. 
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FAILURE  RATE  (F/1000  FH) 


TIME  SINCE  OVERHAUL  (FH) 


Figure  119 .  FRAP  Failure  Rate  Plot:  CH-3C/HH-3E 
Tail  Rotor  Head  . 
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APPENDIX  III 


H-3  DEVELOPMENT  PROGRAM,  FAILURE  SUMMARY 

The  failure  experienced  on  the  transmission  and  rotor  system  components 
during  the  H-3  aircraft  development  program  are  summarized  in  Table  XIX- 
These  malfunctions  are  presented  by  component  and  indicate  the  type  and 
level  of  testing  during  which  they  occurred. 
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TABLE  XIX  -  Continued 
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Snap  ring  not  installed  pro- 
Main  Shaft  &  perly  causes  sun  gear  to 

Planetary  Assy.  interfere  with  plate  303 


TABLE  XIX  -  Continued 
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Lube  Oil  Cooler  Failed  due  to  misalignment  252 
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